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Thesis Summary 
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Summary 
 
Developmental Coordination Disorder (DCD) is characterised by impairments 
to motor control and learning, the cause of which remains unclear.  Recently, 
researchers have used a cognitive neuroscientific approach to explore the basis of 
poor coordination in children.  Recent work assessing neurocognitive function has 
suggested that a deficit in internal modelling is one of the underlying causes of DCD.  
The aim of this thesis was to further test the Internal Modelling Deficit (IMD) 
hypothesis using a motor imagery paradigm – the mental rotation of hands.  Versions 
of the hand rotation task were used in all studies to assess motor imagery ability and 
the alphanumeric rotation task was used in Studies 1 and 2 to assess visual imagery 
ability.  An additional motor imagery task, the whole-body task, was also used in 
Studies 2 and 3.   
The results of Study 1 provided partial support to the IMD hypothesis, with a 
subgroup of children with DCD showing a performance pattern that was somewhat 
different to that of the remaining children in the study.  It was suggested that the task 
parameters might have allowed some children to complete the task using techniques 
other than motor imagery, with it also noted that there were no group differences in 
visual imagery.  Study 2 was designed to tighten task parameters, thereby increasing 
the reliance on motor imagery to complete the task. 
In Study 2, it was found that when explicit imagery instructions were provided 
for the hand task, children with DCD were significantly less accurate than control 
children.  They were also significantly less accurate on the whole-body task, but not 
in the visual imagery task.  There was additional evidence that the response patterns 
of children with severe DCD (Movement ABC percentile rank ≤ 5) were distinct from 
Thesis Summary 
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that of children with less severe DCD (Movement ABC percentile rank between 6 and 
15).  Hence, Study 2 provided greater support to the IMD hypothesis than Study 1 and 
highlighted the important issue of subgroup differences based on the severity of motor 
impairment and its impact on the IMD hypothesis. 
Study 3 aimed to further examine the subgroup issue by exploring the impact 
of motor impairment severity on motor imagery ability.  The results demonstrated a 
link between motor imagery deficits and motor impairment levels – children with 
severe DCD performed significantly less accurately than both controls and those with 
mild DCD in the hand task with instructions and controls in the whole-body task.  
Further, those children with mild DCD were able to respond somewhat to motor 
imagery instructions, whereas those with severe DCD were not.  This study provided 
support to the IMD hypothesis, though the deficit was shown to be dependent on a 
number of factors. 
 In Chapter 5, a reasoned account of these various findings is presented and 
their implications for the IMD hypothesis are discussed.  It is concluded that a motor 
imagery deficit is evident in many children with DCD, but is manifest most strongly 
in children with more severe coordination difficulties.  A general imagery deficit was 
ruled out based on the findings of Studies 1 and 2 which showed that visual imagery 
processes appear intact in children with DCD.  Taken together with previous imagery 
and IMD studies, and related research on feedforward control in DCD, it is concluded 
that the deficits in motor imagery observed in this thesis are consistent with the 
hypothesis that an IMD is one likely causal factor in the disorder, particularly in more 
severe DCD.  The observation of differing response patterns between children with 
mild and severe forms of DCD has important implications for developing a theory of 
DCD and for remediation.   
Chapter One   Literature Review 
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Introduction 
Overview of Chapter One 
In the following sections, the investigation of Developmental Coordination 
Disorder (DCD) as a significant disorder of development is described: the disorder is 
first defined, the presentation and psychosocial implications are explored and 
approaches to the study of the disorder are outlined.  One important theme in research 
has been and remains the search underlying causation (or aetiology) of DCD.  
Although no single cause of the disorder has yet been identified, a range of theories 
are described.  I explain that theoretical accounts have been boosted in recent years by 
advances in the cognitive neurosciences and then outline the two most prominent 
neuroscientific accounts of DCD: that DCD is the result of a deficit in motor timing or 
internal modelling.  In particular, investigations of a deficit in internal modelling as an 
underlying cause of DCD have been promising; researchers have shown children with 
DCD to perform atypically on a range of tasks linked to internal modelling processes. 
The purpose of the studies presented in Chapters 2, 3 and 4 was to further test the 
Internal Modelling Deficit (IMD) hypothesis.  Thus, the process of internal modelling 
is described in more detail and previous findings in relation to DCD are outlined.  
Motor imagery is then discussed as providing a simple and accurate tool for exploring 
the internal representation of movement and internal modelling more specifically; 
within this context, mental rotation is highlighted as a useful and valid tool to 
continue the exploration of the IMD hypothesis. 
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Developmental Coordination Disorder 
Though research has examined children with poor motor coordination since 
the 1930’s (Orton, 1937), it was only in 1994 that a global consensus was reached in 
regards to terminology.  Leading researchers from around the world decided that 
children with motor skill deficits who were previously labelled using a variety of 
terms [e.g., ‘clumsy’ (Hulme & Lord, 1986; Losse et al., 1991; T. R. Smyth, 1992), 
‘motor dysfunctional’ (Snow, Blondis, & English, 1991), ‘physically awkward’ 
(Snow et al., 1991)] or as having ‘developmental dyspraxia’(Cermak, 1985), ‘minimal 
brain dysfunction’ (I. C. Gillberg, 1985) or ‘perceptuo-motor dysfunction’ (Laszlo, 
Bairstow, Bartrip, & Rolfe, 1988), should fall under the classification of 
Developmental Coordination Disorder, as originally expressed in the American 
Psychiatric Association’s (APA) Diagnostic and Statistical Manual of Mental 
Disorders (DSM) III-R (APA, 1987) and then updated in the DSM-IV (APA, 1994).  
The diagnostic criteria for DCD are outlined next. 
Diagnostic Criteria for DCD.  The APA provides an outline of DCD in 
the DSM-IV (APA, 1994).  There are several criterion listed for a diagnosis of DCD.  
Firstly, there must be “a marked impairment in the development of motor 
coordination” (p. 53).  The lack of specificity regarding this criterion has left it open 
to a wide range of interpretations (Geuze, Jongmans, Schoemaker, & Smits-
Engelsman, 2001).  In particular, the lack of a “gold standard” test for DCD and 
guidelines as to how great an impairment should be considered a “marked 
impairment” have been issues of contention (S. E. Henderson & Barnett, 1998).   
The second criterion listed in the DSM-IV is that the motor impairment must 
interfere with a child’s academic achievement or their activities of daily living.  
Again, this criterion is often seen as difficult to operationalize.  In a review of 176 
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publications, Geuze and colleagues (2001) found that 41% of experimental studies 
appeared to ignore this criterion altogether when selecting their DCD groups.  Of 
those that did address this criterion, many had drawn their samples from populations 
where they believed it was met implicitly – that is, populations where children had 
been referred to a specialist for treatment or children with learning difficulties.   
The third criterion refers to other medical conditions.  The motor impairment 
present must not be due to a general medical condition, such as cerebral palsy or 
muscular dystrophy, and the criterion for Pervasive Developmental Disorder must not 
be met.  In their review, Gueze et al. (2001) again found that most studies did not 
address this criterion in great detail.  However, it is assumed that if children are 
selected from mainstream schools, their samples should fulfil the first part of this 
criterion, at least.   
This same rationale is often used when addressing the fourth and final 
criterion listed by the DSM-IV: children with mental retardation cannot be considered 
to have DCD unless their motor impairment is greater than that which would be 
associated with their illness. 
These criteria were created almost two decades ago and as has been discussed 
above, are not without their faults, particularly in terms of being operationalised.  
Henderson and Barnett (1998) pointed out many years ago that empirical research was 
needed to validate these diagnostic criteria.  This research continues to be lacking and 
as Wilson (2005) comments, the open interpretation of the criteria means that we 
cannot be sure that individual researchers are applying them in the same way.  
Unfortunately however, without significant increases in our understanding of the 
disorder, it would be difficult to define more significant and descriptive diagnostic 
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criteria.  Until this time, it remains important for researchers to detail fully the 
selection criteria used when including children with DCD in their studies. 
Presentation of DCD.   The presentation of DCD varies greatly between 
children (S. E. Henderson & Sugden, 1992).  Variation may occur in the type of 
impairment displayed, with some children impaired only in fine motor activities, 
some in gross motor only, and others showing a general impairment across all types 
of motor skills.  Further, there is variation in the strength of the impairment, and in the 
way the impairment develops and changes over time.  For some children, motor 
impairment may be obvious from infancy, whilst for others, impairment is not evident 
until school begins.  As Smyth (1992) suggests, school highlights a child’s motor 
impairment due to an increased demand on physical skills in an environment where 
children are compared to their peers more often – thus, poor motor skills become 
more obvious. 
At a functional level, impairment may be evident in their handwriting and 
drawing (Geuze & Börger, 1993; L. Henderson, Rose, & Henderson, 1992; Miller, 
Missiuna, Macnab, Malloy-Miller, & Polatakjo, 2001), their ability to tie shoelaces 
(Geuze & Börger, 1993; Jongmans, Smits-Engelsman, & Schoemaker, 2003), 
reaching and walking (M. M. Smyth & Anderson, 2000).  DCD may also affect a 
child’s ability to run and jump, their balls skills, as well as their balance and posture 
(L. Henderson et al., 1992; Williams, Woollacott, & Ivry, 1992).   
As mentioned earlier, the development of DCD over time varies among 
children, particularly the length of time that children may experience the disorder. For 
many years, it was thought that children would simply out-grow their clumsiness 
(Geuze & Börger, 1993).  However, studies in the early 1990’s showed that while 
some children do improve their motor skills over time, for others, DCD remains a 
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problem well into their teenage years (Geuze & Börger, 1993; Losse et al., 1991).  For 
the latter group, the longer term consequences of DCD for later development are more 
acute.  
Psychosocial Implications of DCD.    The effects of DCD have been 
found to extend beyond the motor domain.  Researchers have explored these 
implications using a range of methods – some have used playground observation to 
determine activity levels (Bouffard, Watkinson, Thompson, Causgrove Dunn, & 
Romanow, 1996; M. M. Smyth & Anderson, 2000), others have examined school 
reports to determine academic success or failure (Losse et al., 1991) and Harter’s self-
perception profiles are commonly used to examine the perceived competence of 
children with DCD across a range of domains (Losse et al., 1991; Piek, Baynam, & 
Barrett, 2006; Piek, Dworcan, Barrett, & Coleman, 2000; Skinner & Piek, 2001) 
Social isolation is one significant consequence of poor coordination for many 
children.  Studies that have observed children’s playground activity and interactions 
have found that children with DCD spend more time alone and watching others play 
(Bouffard et al., 1996; M. M. Smyth & Anderson, 2000).  Smyth and Anderson found 
that this isolation begins as early as age 6.  Associated with this are lower levels of 
participation in physical activity and reduced opportunities to develop social skills.  
Parents have also reported that children with DCD participate less in sport during 
their leisure time (Geuze & Börger, 1993), while the children themselves have 
repeatedly demonstrated a lower perceived competence in the athletic domain (Losse 
et al., 1991; Piek et al., 2000; Skinner & Piek, 2001). 
Within the classroom, children with DCD are more likely to have learning and 
behavioural problems (Dewey, Kaplan, Crawford, & Wilson, 2002; Losse et al., 
1991).  Based on parental reports, children with DCD are more likely to repeat a 
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grade, while teachers report a lack of concentration and high distractibility (Geuze & 
Börger, 1993).  Further, Skinner and Piek (2001) have reported a lower perceived 
competence in the scholastic domain amongst children with DCD.   
Children with DCD also report lower self-perceptions in the social domain 
(Skinner & Piek, 2001).  This is supported by parents and teachers, with reports of 
less developed friendships and problems in peer relations (Geuze & Börger, 1993), 
which persist into adolescence (Losse et al., 1991).   
 
Approaches to the study of DCD 
The amount of research being conducted with regards to DCD has increased 
greatly in the last decade, with differing approaches to studying the disorder.  We can 
broadly categorize the approaches into three types of research:  first, those that are 
descriptive or deal with the presentation of the disorder; second, intervention studies; 
and third, those that explore the aetiology and/or underlying factors.   
Descriptive studies.    Descriptive studies of DCD come in a broad 
number of forms, but all offer insight into the characteristics of DCD.  That is, 
descriptive studies do not have the aim of exploring the underlying causes of the 
disorder or providing intervention.  Instead, they describe the characteristics of the 
disorder itself, or how it changes or affects children over time, or how children with 
DCD perform specific movements compared with normally developing children.  For 
example, there are broad studies which provide general information on the clinical 
presentation of the disorder (Barnhart, Davenport, Epps, & Nordquist, 2003; Dewey 
& Wilson, 2001; S. E. Henderson & Henderson, 2002; Miller, Missiuna et al., 2001; 
T. R. Smyth, 1992; Willoughby & Polatakjo, 1994), while other descriptive studies 
focus on just one area of the disorder, rather than providing broad overviews.  
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Examples of such studies include those looking at the psychosocial implications of the 
disorder (Dewey et al., 2002; Piek et al., 2000; Skinner & Piek, 2001), longitudinal 
studies into the effects of the disorder (Geuze & Börger, 1993; Losse et al., 1991) and 
the activity patterns of children with DCD (Bouffard et al., 1996; Mandich, Polatakjo, 
& Rodger, 2003).  Studies have also attempted to identify subgroups (Hoare, 1994; 
Macnab, Miller, & Polatakjo, 2001; Visser, 2003; Wright & Sugden, 1996), and have 
described the performance of children with DCD in respect to particular motor skills 
or aspects of fitness (Larkin & Parker, 1998; Lefebvre & Reid, 1998; O'Beirne, 
Larkin, & Cable, 1994; Raynor, 2001; Woodruff, Bothwell-Myers, Tingley, & Albert, 
2002).   These studies have provided a sound understanding of the difficulties faced 
by children with DCD and the many forms in which the disorder may present itself.  
They have also provided the impetus for the development of intervention programs 
for children with DCD. 
Intervention studies.    There have been a variety of approaches to the 
development of intervention programs for children with DCD.  Despite this, no one 
intervention program has been found to be consistently better than others, perhaps 
again a reflection of the variance within DCD groups. 
Intervention programs have been broadly categorized into two main 
approaches – bottom-up and top-down (Barnhart et al., 2003; Mandich, Polatakjo, 
Macnab, & Miller, 2001; Miller, Polatakjo, Missiuna, Mandich, & Macnab, 2001). 
Bottom-up approaches have a longer history in DCD research and are based upon 
hierarchical theories of motor control.  Those using this approach expect that by 
focusing on the improvement of underlying motor deficits, they will then see a 
subsequent improvement in motor skill performance.  Treatment types that fall into 
the bottom up approach include sensory integration therapy, process-oriented 
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treatment and perceptual motor training (Barnhart et al., 2003).  Evidence supporting 
the bottom up approach has been mixed, with researchers finding that no bottom-up 
approach has been found to be consistently and reliably better than receiving no 
treatment at all (Mandich et al., 2001).  Mandich and her colleagues claim that there is 
little evidence to support the suggestion that improving underlying motor deficits will 
improve motor performance.  They also suggest that studies that have lent support to 
this approach are often methodologically flawed or limited by sample size.  
More recently, researchers have begun to examine the top-down approach to 
motor skill intervention.  The emphasis in this approach is on problem solving and 
developing the ability to select the most appropriate course of action to achieve 
success in the current environment (Barnhart et al., 2003).  Top-down approaches 
include task specific intervention and cognitive approaches such as the Cognitive 
Orientation to Daily Occupational Performance (CO-OP).  CO-OP has produced some 
positive outcomes in the treatment of DCD (Miller, Polatakjo et al., 2001), but it is yet 
to receive thorough independent investigation on large samples of children, and its 
effectiveness is therefore not clearly known (Mandich et al., 2001).   
Another interesting intervention program currently undergoing investigation 
involves the use of mental imagery training.  Wilson and his colleagues (P. H. Wilson, 
Thomas, & Maruff, 2002) found that children receiving imagery training showed 
improvements in their motor skills equivalent to that of a second group of children 
with DCD who received traditional perceptual-motor training.  The theory behind this 
type of intervention is explained in more detail in the upcoming section on Motor 
Imagery (pg. 26), but in short, it is believed that imagery training improves the ability 
of children with DCD to internally represent actions and thereby their use of 
feedforward control.  While the results of this study are promising, both in terms of 
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intervention and our aetiological understanding of the disorder, the authors 
acknowledge that more research needs to be carried out to test the program further. 
Whilst researchers and therapists continue to explore the effectiveness of 
various intervention treatments and approaches, it is unlikely that a gold standard 
treatment will be developed until we have a greater understanding of the aetiology of 
the disorder.  The majority of current and past intervention programs aim to improve 
the quality of life of children with DCD by overcoming their poor motor coordination, 
without treating its cause.  It is somewhat like taking paracetamol to make a common 
cold more manageable because we do not have a way to treat the virus itself.  Given 
this, research into the aetiology of DCD is of great importance; as we learn more 
about the underlying cause of DCD, researchers and therapists will be able to develop 
programs that treat these causes directly, and will hopefully therefore be more 
successful.       
Aetiological studies.    There has been a relative wealth of research into 
the aetiology of DCD, with a number of approaches falling in and out of favour with 
researchers over time.  The continued development of the study of motor control 
ensures that these approaches will be further refined and expanded over time.  The 
most prominent approaches are described in the following section. 
 
Development of research in the aetiology of DCD 
As our knowledge of motor control processes has developed over the years, so 
too has our approach to understanding the development of motor skills and deviations 
from the developmental norm.  Developmental delay (which was more of a broad 
assumption than an individual approach) and minimal brain damage (or dysfunction) 
were once popular hypotheses used to explain DCD, but are now being evaluated in a 
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more critical light.  Information processing and cognitive neuroscientific accounts of 
motor control and learning have provided what are currently, more popular avenues to 
investigate the underlying aetiology of DCD.  These four approaches are discussed 
below.   
Developmental delay.  Before the emergence of longitudinal studies of 
DCD in the early 1990’s, many professionals believed that a child with poor motor 
skills was experiencing a form of developmental delay (Larkin & Hoare, 1991).  This 
belief did little to alleviate a child’s motor difficulties, with parents finding it difficult 
to obtain professional help when the general belief was that they would simply “grow 
out” of the problem (Geuze & Börger, 1993). 
However, the longitudinal studies of Losse et al. (1991) and Geuze and Börger 
(1993) have shown that many children with motor problems continue to experience 
difficulties well into their teenage years.  In the study by Losse and colleagues (1991), 
four measures were used to assess the motor abilities of previously identified ‘clumsy’ 
children at age 17.  Of 17 children, none had achieved an ‘average’ rating on all four 
measures; nine remained poor or very poor on at least three of the four measures.  
Geuze and Börger (1993) adapted the Test of Motor Impairment (TOMI; Stott, Moyes 
& Henderson, 1984) to assess the motor performance of children aged between 11 and 
17 years.  Using the adapted version, the authors found that of 12 children originally 
labelled ‘clumsy’, three quarters continued to have motor difficulties.  Of these, six 
continued to have definite motor problems and three were borderline.  Only one 
quarter performed in the normal range.  Further, both of these studies also found that 
the effect of poor motor skills extended beyond the motor domain into the academic 
and social aspects of children and adolescents.  More recently, Cantell and colleagues 
(Cantell, Smyth, & Ahonen, 1994; 2003) followed up with children who had been 
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identified on the basis on delayed motor development at age five at ages 15 and 17.   
They found that at age 15, 47% of the children identified at age 5 had persistent motor 
problems (DCD group) and 53% had minor motor problems (intermediate group).  
Although the intermediate group continued to have only minor motor problems at age 
17 (performing better than the DCD group on six of eight perceptual motor tasks), the 
DCD group continued to differ from controls on a range of motor tasks.  They also 
had a lower mean IQ and, whereas 90% of the control group indicated they were still 
at high school, only 29% of the DCD group did the same.  Although some children in 
this study appeared to have outgrown their motor skill problems, and despite some 
studies showing that in some areas, such as gestural performance, the gap between the 
accuracy of children with DCD and those without motor skill impairments decreases 
with age (Zoia, Pelamatti, Cuttini, Casotto, & Scabar, 2002), the theory of 
developmental delay is not widely accepted as a possible underlying cause of DCD.  
This is due mostly to studies such as those described above, that demonstrate that 
although some children identified as having DCD in childhood no longer have signs 
of motor impairment in adolescence, a large number do continue to experience 
problems, indicating that for these children, their motor impairment is not something 
that they will ‘grow out of’. 
Minimal brain damage.   Minimal brain damage (also known as minimal 
brain dysfunction; MBD) was a popular aetiological theory in terms of DCD for many 
years, due to the similarities in the pattern of behaviour between children with DCD 
and other known neurological disorders, such as apraxia (McMath, 1980).  According 
to Tupper and Sondell (2004), the term MBD was popularized during the mid-20
th
 
century, when researchers noted that children with behavioural and cognitive 
dysfunctions were comparable to children with diagnosed cerebral dysfunction.  The 
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syndrome of MBD was utilised to group children who were believed to have mild 
cerebral dysfunction, which presented through any number of symptoms, including 
inattention, hyperactivity and poor motor coordination. 
Early case studies of children displaying clumsy or physically awkward 
characteristics indicated a link between neonatal difficulties and poor motor skills 
(Gubbay, Ellis, Walton, & Court, 1965; Walton, Ellis, & Court, 1962), with clumsy 
children showing an increased incidence of pre-, para- and post-natal trauma in their 
case histories (McMath, 1980).  The data, however, is ambiguous.  For example, 
research that studied physically awkward and non-awkward children found no 
significant differences between the groups in their histories of past neurological 
illnesses or in the incidence of abnormal perinatal factors (Gubbay, 1975a).  
Additionally, as McMath (1980) points out, studies based on case studies, such as 
those sighted above, should be interpreted with some caution.  The findings are based 
on medical histories of patients and there is no evidence to suggest that the histories 
list all possible complications that may have occurred during or after pregnancy.  
Thus, findings that report that one particular type of complication was more common 
in one group than in another are not always conclusive. 
Results are also mixed in regard to the neurological functioning of children 
with DCD.  Though no cerebellar lesions have been identified, there has been some 
argument for cerebral disorganization (Walton et al., 1962), and though physically 
awkward children have been shown to produce a greater number of EEG 
abnormalities than control children, there has been no common pattern of abnormality 
identified amongst the group (Gubbay, 1975b).   
Interestingly, Jongmans and colleagues (Jongmans, Mercuri, Dubowitz, & 
Henderson, 1998) explored the motor and cognitive performance of children born 
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prematurely at six years of age.  These children had all had cranial ultrasounds in the 
days following their births and hence, the researchers could determine whether a brain 
lesion had been evident at this time.  At six years of age, 86% of the children born 
prematurely who were identified as having motor problems on both the Movement 
ABC and the Developmental Test of Visual Motor Integration had abnormal 
ultrasounds at birth.  Additionally, 63% of those children who were identified as 
having motor problems using only one of the tests above also had abnormal 
ultrasounds.  However, there was no apparent trend regarding the type of lesion 
identified at birth and the pattern of motor impairment and there was also variability 
in whether the lesion persisted into early childhood.  Although these findings do 
suggest that lesions in early development could be a factor in later motor 
development, it is not possible to draw the conclusion that all children with motor 
impairment have this as a result of an early insult to the brain. 
The heterogeneity of neurological pathologies and developmental histories has 
prevented researchers from drawing conclusions about MBD as an underlying cause 
of DCD (Wall, Reid, & Paton, 1990).  Part of the problem may stem from the lack of 
clarity regarding what constitutes brain damage in such a population (McMath, 1980).  
In severe instances of brain damage, such as cerebral palsy, the criteria for diagnosis 
is clear.  The lack of consensus in regards to DCD however, means that specific 
criteria relating to the function of neural system are yet to be defined.  Additionally, 
there has been no reliable and valid test instrument within the medical profession that 
would allow clinicians to make a decision regarding the health of the neural system in 
children with DCD (S. E. Henderson, 1987); indeed, devising such a test would first 
require that consensus be reached amongst researchers as to what exactly should be 
tested.  Thus, Henderson (1987) argued that although continued research into the 
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neurodevelopment of children with DCD was considered important in terms of 
defining the underlying aetiology of the disorder, its practical applications were not 
seen to be of great value.  The popularity of the approach has waned over the last two 
decades, with researchers seeing it as a flawed approach to developmental disorders 
(Gilger & Kaplan, 2001).   
Interestingly, in recent years, researchers have proposed a new framework 
encompassing brain development and developmental disorders, which is deemed to be 
similar to, but superior than, the MBD hypothesis (Gilger & Kaplan, 2001; Kaplan, 
Dewey, Crawford, & Wilson, 2001; Kaplan, Wilson, Dewey, & Crawford, 1998).  
The Atypical Brain Development (ABD) theory is based on the large overlap or co-
occurrence of developmental disorders, such as DCD, attention-deficit/hyperactivity 
disorder (ADHD) and reading disabilities.  It is proposed that most developmental 
disorders arise from some form of atypical brain development and the co-occurrence 
of the disorders means that up to 50% of children do not fit neatly into one single 
DSM category (Kaplan et al., 2001).  Thus, children are given a variety of labels and 
diagnoses that can cause anxiety to not only the child in question, but his or hers 
entire family.  Using the umbrella term of ABD removes the need for multiple 
diagnoses, with professionals then able to emphasise a child’s strengths and 
weaknesses within this framework.  The researchers favour ABD, as the term atypical 
can imply high levels of functioning, as well as low, unlike the terms damage or 
dysfunction.  It should be noted that the theory does not provide further insight into 
the aetiology of disorders such as DCD, and reflects only that it is believed to be one 
of a variety of disorders brought on by atypical brain development (Gilger & Kaplan, 
2001).  This fact is acknowledged by the authors, who do not believe the use of the 
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term ABD should discourage other researchers from working towards accurately 
identifying the underlying aetiology of such disorders.      
  Information processing accounts.    The information processing (IP) 
approach to motor control has provided a popular model for researchers to examine 
DCD.  IP theory assumes that there are distinct stages between stimulus presentation 
and the motor response (Marteniuk, 1976), with researchers believing that a 
breakdown at one of these stages may underlie DCD (P. H. Wilson & McKenzie, 
1998).  This theory used a factor-additive approach that was popularized by the rise of 
cognitive psychology, and according to Tupper and Sondell (2004), explores the 
processes that have to occur to produce movement.  Thus, researchers using this 
approach have argued that if they were able to isolate individual deficits in the IP 
chain that commonly occur in children with DCD, they might be able to identify 
causal relationships.  As a result, researchers have attempted to isolate factors within 
the perceptual and/or motor control processing systems to determine where possible 
deficits exist.  Examples of such factors include visual perception and visuospatial 
processing (Hulme, Smart, & Moran, 1982; Lord & Hulme, 1987b), kineaesthetic 
acuity (Coleman, Piek, & Livesey, 2001; Laszlo & Bairstow, 1983), reaction and 
movement time (L. Henderson et al., 1992) and motor response processing (van 
Dellen & Geuze, 1988). 
Studies in these areas have highlighted a number of deficits in children with 
DCD.  Henderson and her colleagues, for example, found that when required to make 
visuospatial discriminations of length, clumsy children were significantly poorer than 
their control counterparts (S. E. Henderson, Barnett, & Henderson, 1994).  In terms of 
kinaesthetic ability, researchers have shown that children as young as five who are 
considered at risk of developing DCD make more errors and errors of greater 
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magnitude than normally developing children of the same age when making limb 
position judgements (Coleman et al., 2001).  Research has also shown that reaction 
time and to a greater extent, movement time, is delayed in children with DCD when 
completing simple reaction time tasks (L. Henderson et al., 1992).  That same study 
also found greater absolute error in children with DCD on a coincidence-timing task.  
These are just a few of the many studies that have used the IP approach to explore 
DCD.  The large number of studies and the range of factors were summarized in a 
meta-analytic study by Wilson and McKenzie (1998). 
Wilson and McKenzie (1998) examined information processing accounts of 
DCD from 1963-1996.  Whilst their meta-analysis found evidence for generalized 
impairment across IP tasks, children with DCD were particularly poor in a number of 
areas, where differences were significantly larger between DCD and control groups.  
These were visuospatial processing (with and without a motor component), 
kinaesthetic and cross-modal perception.  Despite these findings, Wilson and 
McKenzie point out that the existence of these differences is not indicative of a causal 
relationship.  For example, poor kinaesthetic ability could result from decreased 
participation in physical activity and is thus not a cause of clumsiness, but a side 
effect.  Wilson and McKenzie concluded that intervention studies that target 
improvement in areas where deficits have been identified (such as visuospatial 
processing) are required to increase our understanding of the disorders aetiology and 
allow causal relationships to be identified.   
Cognitive neuroscientific accounts.    The cognitive neuroscientific 
approach to motor development uses a multi-disciplinary approach to further our 
understanding of the systems underlying motor control.  The approach models motor 
behaviour in terms of brain-behaviour interactions, which moves us away from the 
Chapter One   Literature Review 
 
 - 20 -  
information processing view of serial organisation.  Instead, cognitive neuroscientific 
models suggest a system of parallel processing, with neural structures working 
together simultaneously to achieve smooth and coordinated actions (Jeannerod, 1997).  
Advances in recent years in various neuroimaging techniques such as fMRI and in 
computational modelling have aided the development of such models, which in turn, 
has allowed researchers to begin exploring the neurocognitive basis of DCD.    Two 
recent examples of this are deficits in motor timing and force control (Piek & Skinner, 
1999) and forward internal modelling (P. H. Wilson, Maruff, Ives, & Currie, 2001). 
 
Motor Timing, Force Control and DCD   
Motor timing is an important aspect of motor control, allowing muscles to be 
activated at the correct time and in sequence.  A number of studies have examined the 
timing performance of children with DCD (Geuze & Kalverboer, 1987, 1994; Lundy-
Ekman, Ivry, Keele, & Woollacott, 1991; Williams et al., 1992).  These studies were 
the early precursor to the more sophisticated cognitive neuroscience approach used in 
current studies.  Information processing accounts of DCD aimed to isolate deficits in 
the processes that occurred to produce movement.  Studies of motor timing (and force 
control) however were focused not only on identifying deficits, but also on 
determining the likely neural basis of these deficits, thereby providing insight to the 
possible underlying aetiology of DCD.   
The timing studies mentioned above used similar tasks where children are 
required to tap their finger to the beat of a metronome and then maintain that rhythm 
when the metronome stops.  Researchers measure the ability of children to maintain 
that pace, using the Wing and Kristofferson model of movement timing (Wing & 
Kristofferson, 1973).  Children with DCD have repeatedly shown greater variability 
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in their ability to maintain the required timing.  This variability is believed to be 
related to a problem with the body’s central timing mechanism, which is responsible 
for the timing of response initiation (Williams et al., 1992) and is believed to be 
controlled by areas within the cerebellum (Lundy-Ekman et al., 1991).   
Interestingly, Lundy-Ekman and colleagues (1991) separated a group of 
clumsy children into two groups based on the presence of soft neurological signs and 
found differences in the timing performance of the two groups.  One group consisted 
of clumsy children who displayed soft signs related to cerebellar dysfunction and the 
second group consisted of clumsy children showing soft signs related to dysfunction 
of the basal ganglia.  The variability of the cerebellar group differed significantly 
from controls, whilst the basal ganglia group’s variability was within normal levels.  
However, the basal ganglia group were impaired in their performance of a force 
control task.  This gave support to the notion that the cerebellum was likely to be 
involved in the timing of such movements and also suggested that there may be 
subgroups of children with DCD, some of which experience difficulties with the 
timing of movements whilst others experience difficulties with the control of force. 
In a more recent study, the ability of children with DCD to control their force 
outputs was explored using a more complex tapping task, in which participants had to 
vary the force of their taps during the sequence (Piek & Skinner, 1999).  The tapping 
sequences used in this study were shorter and had a faster tapping rate.  These 
changes were expected to increase the reliance on central programming mechanisms, 
and reduce the use of feedback control in between taps.  The DCD group was found to 
be inconsistent in its ability to accurately control their force output, which the authors 
argue may be related to an inability to correctly time the activation of agonist-
antagonist bursts.  This could be linked to deficits in the cerebellum or the basal 
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ganglia.  Such a deficit would result in increased co-activation of antagonistic 
muscles, resulting in too much or too little force, and increased variability in 
movement, which is typical of children with DCD.   
Unfortunately, as yet, the exact nature of timing and force control deficits has 
not been identified.  Based on studies thus far, it appears that these deficits may 
appear as distinct or related entities.  That is, it is not clear whether these two deficits 
appear as unrelated deficits with different underlying mechanisms, or if they occur 
together – for example, if a deficit in motor timing is present, one’s muscles might be 
activated out of sequence, which could then result in inappropriate levels of force 
output.   We do know that children with DCD appear to deviate from the normal 
developmental trajectory in this regard – for example, Jucaite and colleagues (2003) 
demonstrated that younger children scaled their force output in a similar way and 
applied maximum force at a similar point in time to older children when lifting an 
object.  The only difference in their performance was in relative force output, with 
older children able to apply greater force.  In contrast, and unlike the younger control 
children, children with combined DCD and ADHD were unable to scale their force 
output appropriately, indicating they were not developmentally delayed in this area, 
but indeed, deviated from the typical developmental trajectory.  Future research needs 
to be conducted to further explore what overlap occurs between motor timing and 
force control and what impact training protocols may have on improving the 
consistency of performance in children with DCD and if such improvement can 
transfer onto their motor skill performance.   
 
Chapter One   Literature Review 
 
 - 23 -  
Forward Internal Modelling 
As mentioned previously, our understanding of motor control processes has 
grown considerably with the advances in neuroimaging techniques, computational 
modelling and neuroscience.  Computational modelling in motor control, for example, 
views the brain as a processing system and studies the connection between our 
sensory signals (inputs to the brain) and motor commands (outputs from the brain; 
Wolpert & Ghahramani, 2000; Wolpert, Ghahramani, & Flanagan, 2001).  This 
approach has provided us with theories of internal models of motor control - both 
forward (or predictive) models and inverse models (Wolpert, 1997; Wolpert & 
Kawato, 1998).  Forward models are termed as such as they “model the causal 
relationship between actions and their consequences” (Wolpert & Ghahramani, 2000, 
pp. 1212), or between the motor commands and the sensory signals that result from 
these commands.  These are of particular interest in regard to our study of DCD.  
Inverse models model in the opposite direction, from the consequence to the action.  
Although both are important to motor control and learning, this review will focus on 
forward models. 
Why is a forward model important for movement?  Forward internal 
models provide stability to the motor system, by predicting the outcome of 
movements before slow, sensori-motor feedback becomes available (Wolpert, 1997).  
Whenever motor commands are issued, a copy of the command, termed the ‘efference 
copy’ is also produced (Frith, Blakemore, & Wolpert, 2000).  This efference copy is 
then used to form a predicted state – the predicted state of the motor system once the 
current motor commands are completed.  This predicted state can be compared to the 
desired state, without the need for sensory feedback, and discrepancies can be 
accurately corrected.  This is important for smooth and accurate movement, as the 
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delays between efferent motor commands being issued and sensory feedback of those 
commands can be quite large – up to 250ms (Frith et al., 2000).  Hence, by the time 
feedback has been received, the state of the system may have already changed and the 
actual outcome of the movement would be different to that which is being perceived.  
This creates error between the perceived and actual outcomes.  Therefore, if the 
perceived outcome, based on the delayed sensori-motor feedback, is compared to the 
desired outcome of the movement, the error that is present may result in the 
production of an inaccurate and inappropriate response.  Uncertainty in the motor 
system can thus be reduced through the use of forward internal models, to estimate 
the predicted state of movement, in advance of sensory feedback.  Corrections to the 
movement can be made as it unfolds should the internal model deviate significantly 
from the intended goal state.    
Forward models and motor learning. As described in the previous 
section, forward models are an important aspect of motor control.  They are also, 
however, an essential part of motor learning (Wolpert & Kawato, 1998).  This is 
because although it is the inverse model which must choose the appropriate motor 
command to issue, the forward model must still predict the outcome of this motor 
command (Wolpert, Ghahramani, & Flanagan, 2001).  Thus, the ability to predict the 
consequences of motor commands typically develops before the ability to pick the 
appropriate motor command – prediction of the consequences of a motor command 
occurs whether or not the motor command is the appropriate one (Flanagan, Vetter, 
Johansson, & Wolpert, 2003).  That is, as we are learning new motor skills, and likely 
taking some time to find the exact motor commands required, we might make many 
movements based on inappropriate motor commands.  However, forward models are 
at work throughout this process and so, are vitally important for motor learning and 
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the development of inverse models.  Impairment to the internal modelling process 
therefore, can impact not only on the control of movement, but also on motor 
learning. 
Through a series of studies that were originally intended to explore 
visuospatial processing in children with DCD, Wilson and colleagues formulated the 
Internal Modelling Deficit (IMD) hypothesis (Katschmarsky, Cairney, Maruff, 
Wilson, & Currie, 2001; Maruff, Wilson, Trebilcock, & Currie, 1999; P. H. Wilson & 
Maruff, 1999; P. H. Wilson et al., 2004; P. H. Wilson et al., 2001; P. H. Wilson, 
Maruff, & McKenzie, 1997).  These studies will be reviewed over the following 
pages, but briefly, the IMD hypothesis suggests that children with DCD have a deficit 
in their ability to accurately utilise internal models of motor control.  Because of the 
crucial role internal models are believed to play in motor control learning, this deficit 
is posited as one of the possible underlying causes of DCD.  This will be discussed 
further as the studies testing the IMD hypothesis are reviewed, beginning with a study 
that used saccadic eye movements to explore the IMD hypothesis (Katschmarsky et 
al., 2001).  
Forward models and DCD.    The ability of children with DCD to 
utilise forward internal models was examined using a double-step saccade task 
(DSST; Katschmarsky et al., 2001).  The DSST requires participants to make saccadic 
eye movements as quickly and accurately as possible.  On a computer screen, two 
target locations appear for a very brief moment of time, with participants asked to 
make saccades to each of the target locations in the same order as they appeared.  
Importantly, both targets are usually extinguished before the first saccade begins.  
This means that the participant has a spatial reference frame for the first saccade, but 
not the second, as the second saccade commences from the first target location, and 
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not from the position where it was actually viewed.  Hence, the second saccade must 
be programmed on the basis of the estimated state of the system at the completion of 
the first saccade, and therefore requires the use of an internal model.  When 
Katschmarsky and her colleagues compared the performances of DCD and control 
children on the DSST, they found no significant differences between the groups in 
terms of latency or accuracy for the first saccade.  This indicated that children with 
DCD did not have a general impairment in their ability to execute single saccades.  
The accuracy of the DCD group on the second saccade, however, was significantly 
lower than that of controls, indicating an impairment in the DCD group to accurately 
utilise internal models of control.  Interestingly, the DCD group in this study were 
screened using a motor imagery task – the visually guided pointing task (VGPT), 
which is described in the coming section, Motor Imagery and DCD.  The children in 
the DCD group performed atypically on the VGPT, indicating they had a deficit in 
motor imagery ability.  Motor imagery, as described in the following section, is 
believed to be the efference copy of a movement and is hence also related to internal 
models of motor control (Crammond, 1997). 
 
Motor Imagery 
Imagery has been a popular tool in sports psychology for many years and 
refers to the practice of mentally rehearsing a skill (Magill, 1998).  In this sense, 
internal imagery allows people to view the task from an internal perspective, as 
though they themselves are performing the task.  This is sometimes referred to as 
motor imagery.  External imagery (also termed visual imagery), on the other hand, is 
experienced in an external manner, similar to a bystander watching somebody else 
perform a task (Jeannerod, 1997).  However, away from the sports psychology 
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domain, motor imagery refers to the mental simulation of any motor act (Decety, 
1996) and this is the type of motor imagery that is referred to throughout this thesis.     
Motor imagery shares many of the same neural and physiological components 
as its real counterpart.  Jeannerod and Decety (1995) report that these similarities 
include increases in muscular activity, spinal excitability, autonomic system activity 
(including heart and respiration rate) and an increase in neural activity in areas 
associated with movement, such as the supplementary motor area (SMA), cerebellum 
and basil ganglia.  The increased activity in these areas during imagined movement is 
less than the activity when the movement is overtly performed, but is specific to the 
imagined movement and the amount of imagined effort.  Further, behavioural data 
show that in healthy populations, the time to perform an imagined movement 
corresponds closely to the time taken to actually perform that same movement 
(Parsons, 1994; Sirigu et al., 1996).  These similarities between real and imagined 
movements have led researchers to suggest that motor imagery is actually the 
efference copy of a movement, which has come to consciousness only because the 
actual movement has been inhibited (Crammond, 1997).   
Motor Imagery and DCD.   The simplicity of motor imagery tasks has given 
researchers a more time-effective and efficient means of exploring the IMD 
hypothesis in children with DCD.  The majority of motor imagery tasks are simple to 
administer – usually they require children to perform a movement and then imagine 
performing that same movement.  The two modes are then compared, usually using 
the time it took to complete, and imagine completing, the task.  Using these methods, 
researchers do not require sophisticated equipment and can administer tasks in a 
simple and time-effective manner.   
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As mentioned previously, Katschmarsky et al. (2001) found that children with 
an inability to accurately perform a DSST had been shown during screening to display 
a significantly different response pattern on a task of motor imagery to controls.  The 
motor imagery task in question was the visually guided pointing task (VGPT) and has 
also been used with children with DCD in two other studies (Maruff et al., 1999; P. H. 
Wilson et al., 2001).  The VGPT requires participants to make rapid back-and-forth 
tapping motions between the starting line and a target box 30mm away.  The size of 
the target box varies between trials, with smaller targets requiring slower and more 
precise movements, and thus demonstrates a speed-accuracy trade-off which 
conforms to Fitts’ law (Fitts, 1954).  The task is completed with actual movements 
and also with imagined movements.  In healthy adult populations, both real and 
imagined movements conform to Fitts’ law and there is a strong correlation in 
movement time between the actual and imagined states (Sirigu et al., 1996).  Children 
without motor impairment also conform to this pattern of response in real and 
imagined movements (Katschmarsky et al., 2001; Maruff et al., 1999; P. H. Wilson et 
al., 2001).  For children with DCD, Fitts’ law constrains their actual movements, 
though their movements are slower than those of control children (Maruff et al., 
1999).  According to the authors, this should be expected given the motor 
impairments of the DCD population, which include slowness of movement.  Imagined 
movements in the DCD groups however, did not conform to Fitts law in any of the 
studies, with target size having little impact upon the timing of their imagined 
movements (Katschmarsky et al., 2001; Maruff et al., 1999; P. H. Wilson et al., 
2001).  Additionally, Wilson et al. (2001) found that the addition of a weight to the 
pointing stylus did not slow the imagined performance of the DCD group on the 
VGPT, whereas the imagined performance of controls was slowed in this condition.  
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These findings indicate that the DCD group had difficulty internally representing both 
the timing and force components of movement.  Given the link between motor 
imagery and internal modelling (Crammond, 1997), it was suggested that the lack of a 
speed-accuracy trade-off in the imagined movements of children with DCD was 
indicative of a breakdown in the processing of efference copy, and thus, internal 
modelling (Maruff et al., 1999; P. H. Wilson et al., 2001).   
Interestingly, the response pattern of children with DCD on the VGPT 
matched the pattern seen previously in a sample of patients with lesions of the parietal 
lobe.  Sirigu and her colleagues (1996) compared the performance of parietal lesion 
patients to that of healthy adult controls on two motor imagery tasks – the VGPT and 
a sequential finger opposition task.  In both tasks, the patients with parietal lesions 
were impaired in their use of motor imagery.  In particular, on the VGPT, their actual 
movements were constrained by target size and showed a similar speed-accuracy 
trade-off as the healthy controls.  However, like children with DCD, their imagined 
movements were not constrained by target size and showed no speed-accuracy trade-
off.  This led the researchers to nominate the parietal cortex as the neural site for 
monitoring the outflow of efference copy. 
This suggestion has received support from the study of a patient with a 
progressively degenerative parietal lesion (Wolpert, Goodbody, & Husain, 1998).  
The lesion was located in the left superior parietal lobe.  The opportunity to study 
cumulative changes over time was unique; other studies usually examine patients with 
sudden onset lesions, such as those occurring after a stroke and so do not provide a 
window into the degenerative process.  The patient studied by Wolpert and his 
colleagues reported being aware of her limbs in a particular position initially when 
blindfolded, but that this awareness faded the longer the limb was held in that 
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position.  In another condition, weights were placed on the outstretched palm.  
Though she was initially aware of the weight, this awareness faded rapidly unless it 
was moved.  The authors suggested that the parietal lobe is involved in storing the 
predicted state estimate of the internal model.  As this area was damaged in this 
patient, the state estimate was essentially decaying over time and though the patient’s 
sensory system was intact, her inability to maintain the state estimate accurately 
would produce error in the system.  This error would become greater over time and 
the continued error would lead to the fading and eventual loss of awareness of her 
limbs. 
Summary. A series of studies by Wilson and colleagues has shown that 
children with DCD display atypical performance patterns on both direct (DSST) and 
indirect (VGPT) measures of internal modelling (Katschmarsky et al., 2001; Maruff et 
al., 1999; P. H. Wilson et al., 2001).  Intriguingly, the pattern of performance for these 
children mirrors closely those seen in parietal patients performing the same or similar 
tasks (Sirigu et al., 1996).  This research with parietal lesion patients suggests that the 
parietal cortex is an important neural region involved in the internal modelling 
process.  Hence, researchers suggest that the IMD in children with DCD most likely 
originates in the parietal cortex and is a likely underlying cause of their motor 
clumsiness (P. H. Wilson et al., 2001).  A number of other researchers have also 
looked at the ability of children with DCD to predict the outcome of their movements 
using a range of tasks, including postural control (Johnston, Burns, Brauer, & 
Richardson, 2002; Jucaite et al., 2003), grip force (Hill & Wing, 1999; Jucaite et al., 
2003) and cyclic aiming tasks (Smits-Engelsman, Wilson, Westenberg, & Duysens, 
2003).  The findings of these studies will be reviewed in the next section. 
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Additional research into feedforward control in children with DCD 
 As mentioned above, the ability of children with DCD to use feedforward 
control has been investigated in studies of postural control (Johnston, Burns, Brauer, 
& Richardson, 2002; Jucaite et al., 2003), grip force (Hill & Wing, 1999; Jucaite et 
al., 2003) and cyclic aiming tasks (Smits-Engelsman, Wilson, Westenberg, & 
Duysens, 2003).  These studies have demonstrated that children with DCD have a 
reduced ability to utilise feedforward control, thereby providing further support to the 
IMD hypothesis.  Each area of study will be considered below, beginning with 
postural control. 
 Postural control. An important part of postural control during voluntary 
movements are anticipatory postural adjustments (APA; Johnston et al., 2002; Jucaite 
et al., 2003; Katschmarsky et al., 2001), which occur in a predictive or feedforward 
manner.  According to Jucaite and colleagues (2003), voluntary movements result in 
changes to the bodies equilibrium brought about by the movements of body segments.  
In a normally functioning system, the CNS is capable of predicting the changes that 
will occur as a result of the movements and compensates for them by activating the 
appropriate postural muscles, prior to the commencement of the specific voluntary 
movement.   
 The ability of children with DCD to utilise APAs was examined using a rapid, 
goal-directed pointing task (Johnston et al., 2002).  Participants were required to stand 
and point at a target using a whole-arm movement, with EMG electrodes measuring 
the muscular activity of five postural trunk muscles, as well as the prime mover and 
four other stabilising shoulder muscles.  It was found that a group of control children 
used APAs when performing the task – all five trunk muscles were activated prior to 
the prime mover, indicating these children were able to predict accurately the 
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disruption to their centre of mass that would occur when they began their movements.  
The DCD group however, activated only two of the five trunk muscles prior to the 
commencement of movement, with the relative activation of their four anterior trunk 
muscles occurring significantly later than for the controls.  In contrast, three of the 
four shoulder stabilising muscles were activated earlier in the DCD group.  Taken 
together, these results highlight the deficient ability of children with DCD to make 
accurate predictive postural adjustments prior to voluntary movement and the 
inappropriate activation of muscles surrounding the prime mover – the incorrect 
timing of such activation would actually hamper the ability to perform smooth and 
coordinated movements, rather than supporting it. 
 Similarly, children with combined DCD and ADHD were found to adjust their 
centre of pressure (COP) later than control children when performing a reach and 
grasp task whilst standing on a force platform, often making adjustments after 
performing the grasp (Jucaite et al., 2003).  These children also had more difficulty 
scaling the size of their COP adjustments according to the weight of the object to be 
grasped.  Finally, the children with DCD and ADHD were unable to accurately 
predict the required force to grasp the object, often using excessive levels of force.  
Both the adjustments to one’s COP and application of the correct grip force require 
the use of anticipatory or predictive mechanisms, thereby utilising feedforward 
control.   
 Grip force. The coordination of grip and load force in manual tasks has 
also been studied in children with DCD, with Hill and Wing (1999) finding a deficient 
ability in a child with DCD to predict inertial load forces.  When gripping an object 
and moving it up and down vertically, the grip force exerted on the object changes in 
relation to the object’s acceleration or deceleration.  However, the results of Hill and 
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Wing’s study indicated that there was a tendency for the child with DCD to exert 
additional force on the object much earlier than the control child did.  That is, the 
child with DCD did not adjust to the inertial load force.  The authors suggested that 
this may stem from an inability to accurately predict how the child’s own movements 
would unfold, and so as a safety mechanism, the child had learnt to hold on tight from 
the outset, rather than chance that the object might fall from their grasp.  This error in 
prediction was discussed in terms of an inappropriate or inaccurate feedforward 
model, again highlighting the apparent inability of children with DCD to predict 
accurately the outcome of their movements.   
 Aiming tasks.  Finally, feedforward control was explored using a 
manual aiming task with children with combined DCD and learning disabilities 
(Smits-Engelsman et al., 2003).  Two aiming tasks were used – a discrete aiming task, 
which depends upon closed-loop control and a cyclic aiming task, which depends 
upon open-loop control.  The results showed that although children with DCD/LD 
were able to perform the discrete aiming task generally as well as controls, they were 
six times more inaccurate in the cyclic task.  This occurred because the children with 
DCD/LD had higher movement velocities when they reached their target and were 
unable to increase their accuracy by slowing their movements.  According to the 
authors, the children with DCD/LD appeared unable to predict that their increased 
velocities were increasing their likelihood of making errors, which was likely to be 
the result of poor feedforward control.  Given that these same children were able to 
perform the discrete aiming task without difficulty, it was concluded that they were 
likely to rely more heavily on feedback and would have difficulty switching to 
feedforward modes of control.  Interestingly, the movements of the DCD/LD group in 
this study conformed to Fitts’ law.  This was also the case for the overt movements of 
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children with DCD when performing another manual aiming task, the VGPT (Maruff 
et al., 1999; P. H. Wilson et al., 2001).  That is, children with DCD were able to 
perform the VGPT overtly, when visual feedback of their movements was available.  
However, when these movements were performed in an imagined context and hence, 
feedback was unavailable, children with DCD no longer conformed to Fitts’ law.  
Similarly, children in the study by Smits-Engelsman and colleagues (2003) also had 
difficulty in conditions of reduced feedback, where although their movements still 
conformed to Fitts’ law, their accuracy was dramatically reduced compared to 
controls. 
 Summary. In summary, there are a number of studies showing that the 
lack of feedforward control in children with DCD is evident across a number of tasks.  
Deficits have been identified using tests of postural control, grip force and cyclic 
aiming tasks.  Individually, some of these results may be attributable to deficits other 
than feedforward control.  For example, the atypical muscular activation sequences 
seen in children with DCD in the postural control studies (Johnston et al., 2002; 
Jucaite et al., 2003) might be the result of a deficit in motor timing, which results in 
muscles being activated in the incorrect or inappropriate sequence.  Or the deficits in 
adjusting to an object’s inertial load force in Hill and Wing’s study (1999) might not 
be the result of an inability to predict how their movements would unfold, but was 
actually the result of a deficit in force control.   However, when taken together and 
along with the motor imagery studies of Wilson and colleagues (e.g. P.H. Wilson et 
al., 2001), these results suggest that children with DCD have a deficit in the ability to 
use predictive forward control.  This is supportive of the IMD hypothesis.   
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 Recently, Wilson and colleagues (2004) set out to further validate the 
hypothesis using another measure of motor imagery – a variation on the mental 
rotation paradigm. 
 
The Mental Rotation Paradigm 
The original mental rotation paradigm, devised by Shepard and Metzler (1971) 
was used to measure the ability to mentally manipulate visuospatial information.  The 
task consisted of two three-dimensional cube figures presented side by side.  The two 
figures were presented at varying levels of angular discrepancy and a decision was 
required as to whether the figures were the same or mirror-reversed.  Response times 
increased linearly with increases in angular discrepancy, peaking at 180°.  Combined 
with participant reports, this led the researchers to suggest that participants mentally 
rotate the figures into congruence before making a decision.  Hence, the greater the 
angular disparity, the longer it would take to rotate the figures and make a decision.  
This type of imagined rotation reflects a form of visual imagery.  Although in the 
sports psychology domain, visual imagery is equivalent to external imagery, where a 
person imagines a movement they have performed from an external perspective, 
visual imagery in the wider neuropsychological domain refers to imagining the 
movement of an object.  Imagining the rotation of three-dimensional cube figures is 
one such example.  When visual imagery is mentioned throughout this thesis, it is this 
second definition which should be applied.  The simplicity and robustness of mental 
rotation has resulted in it becoming one of the most popular paradigm in studies of 
spatial transformations (Harris & Miniussi, 2003).   
Variations of the Mental Rotation Paradigm.   The traditional paradigm 
has lent itself to many variations, the most common being changes in the type of 
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stimuli presented.  Besides the original cube figures, the most frequently used stimuli 
are alphanumeric characters (Childs & Polich, 1979; Hamm, Johnson, & Corballis, 
2004; Harris et al., 2000; Kail, 1985; Kail & Park, 1990; Kail, Pellegrino, & Carter, 
1980; Podzebenko, Egan, & Watson, 2005; Yoshino, Inoue, & Suzuki, 2000), with 
other object-based stimuli including pictures of monkeys (Estes, 1998), two-
dimensional “gingerbread men” (Roberts & Bell, 2002), flags (Tomasino, Toraldo, & 
Rumiati, 2003), tools (Vingerhoets, de Lange, Vandemaele, Deblaere, & Achten, 
2002), and Hebrew letters (Tetewsky, 1992).  Additionally, researchers have studied 
the mental rotation of body parts, with hands the most commonly used (de Lange, 
Hagoort, & Toni, 2005; Kosslyn, Digirolamo, Thompson, & Alpert, 1998; Parsons, 
1987a, 1994; Parsons & Fox, 1998; Parsons, Gabrieli, Phelps, & Gazzaniga, 1998; 
Thayer, Johnson, Corballis, & Hamm, 2001; Tomasino, Borroni, Isaja, & Rumiati, 
2005; Tomasino, Rumiati, & Umiltá, 2003; Wraga, Thompson, Alpert, & Kosslyn, 
2003).  As well, whole-body transformations have been studied by a number of 
researchers (Parsons, 1987a; Wraga, Shephard, Church, Inati, & Kosslyn, 2005; 
Zacks, Gilliam, & Ojemann, 2003; Zacks, Mires, Tversky, & Hazeltine, 2002; Zacks, 
Ollinger, Sheridan, & Tversky, 2002; Zacks, Rypma, Gabrieli, Tversky, & Glover, 
1999).   
Researchers have also varied the number of stimuli presented; familiar stimuli 
such as hands and alphanumeric characters have allowed researchers to present only a 
single figure.  Rather than then deciding whether two stimuli are the same or different, 
participants must decide whether the single stimulus is a left or right hand (e.g. 
Parsons, 1987b), or if the alphanumeric character is facing the right way, or if it is 
mirror-reversed (e.g. Harris & Miniussi, 2003).     
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By varying the type of stimuli presented to participants, researchers are able to 
activate distinct and varying types of mental rotation, with rotation rate, accuracy and 
effort all dependent upon the stimulus (Parsons, 2003).  Advances in neuroimaging 
techniques have also allowed researchers to identify the neural underpinnings of 
different types of mental rotation, with the work of Kosslyn and his colleagues (1998) 
the first to demonstrate that the rotation of hands activates neural networks distinct 
from those activated by the rotation of objects.     
Separable Neural Systems Activated by Different Types of Stimuli.  In 
Kosslyn et al.’s (1998) study, the original mental rotation paradigm, using three-
dimensional cube figures (Shepard & Metzler, 1971), was used to compare the 
rotation of objects to the rotation of hands.  In both instances, pairs of stimuli were 
presented, with participants asked to determine whether the figures were the same or 
different by rotating the figure on the right into congruence with the figure on the left 
(which always faced upright).  Positron emission tomography (PET) was used to 
compare the rotation conditions to baseline measures.  For the hand rotation task, 
activation was located in a range of motor areas, including the primary motor cortex 
(M1), the premotor cortex and the posterior parietal lobe.  For the object rotation task, 
activation was noted in the inferior and superior lobes bilaterally; there was no 
activation in the frontal motor areas.  Importantly, Kosslyn and his colleagues (1998) 
argued that this provided evidence for at least two distinct neural pathways that are 
involved in mental rotation and that these pathways may be stimulus dependent.  This 
suggestion has received further support from a recent study that delivered single-pulse 
TMS stimulation to the M1 area of the brain (Tomasino et al., 2005).  The hand task 
used was similar to that of Kosslyn et al. (1998), but the object task used 
alphanumeric characters, rather than the three-dimensional cube figures.  The results 
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showed that stimulation of the left M1 disrupted the performance of the hand rotation 
task, but not of the alphanumeric rotation.  Tomasino and her colleagues suggested 
that these results reflect an implicit motor transformation for the hand task, with an 
object-based transformation favoured for the alphanumeric rotation.  The results also 
provided evidence for the reliance on motor processes in the mental rotation of hands 
and indicate that motor imagery is most likely involved in this process.   
Evidence for motor imagery involvement in hand rotation tasks also comes 
from studies of patient populations with Parkinson’s disease (Amick, Schendan, 
Ganis, & Cronin-Golomb, 2006) and focal hand dystonia (Fiorio, Tinazzi, & Aglioti, 
2006), where an impairment to internally represent movements through motor 
imagery is directly related to their physical impairments.  For example, in those 
patients with focal hand dystonia, mental rotation of hands was significantly slower 
when compared with controls, but mental rotation of feet was not. 
Motor imagery has also been widely implicated in the mental rotation of a 
single limb stimulus with associated handedness judgment.  The work of Lawrence 
Parsons is most notable in this regard (Parsons, 1987b, 1994; Parsons & Fox, 1998; 
Parsons et al., 1998).  Parsons has repeatedly shown that when required to make a 
left-right judgment of a hand, participant’s response times reflect the time it would 
take to actually move their hand into that position.  Combined with the introspective 
reports of participants, this indicates that participants imagine moving their own hand 
into the position of the stimulus before making their decision (Parsons, 1987b, 1994).  
Further, this imagined movement has been shown to produce activity throughout the 
motor neural systems (Parsons & Fox, 1998).   
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Taken together, these studies show that mental rotation provides a robust and 
reliable paradigm to further explore the deficits in motor imagery previously seen in 
children with DCD. 
Mental Rotation and DCD.    A single-hand stimuli was used to 
investigate mental rotation performance in children with DCD, with participants 
asked to make judgments about handedness (P. H. Wilson et al., 2004).  The pattern 
of results for children with DCD was atypical—they showed a minimal response time 
trade-off. Specifically, the slope of the regression of response time on angle was 
significantly lower for this group compared with controls; only the latter conformed to 
a pattern typical of normal adults (e.g. Kosslyn et al., 1998).  Thus, at small angles, 
response time for children with DCD was comparable to controls, while at larger 
angles the DCD group tended to respond faster.  Despite this trend, the accuracy of 
the DCD group was as high as the control group across all angles.  It was suggested 
by the authors that the atypical pattern of response time of the DCD group was 
representative of a reduced ability to utilize motor imagery effectively.  Children with 
DCD may not have engaged this form of mental transformation automatically, and 
indeed, it was argued that they may have chosen to represent the stimulus as an 
object, with invariant features (such as the angle between the thumb and index finger) 
used to assist in making a left/right decision.  This strategy may have reduced the 
amount of rotation required, hence facilitating the speed of response, while also 
maintaining response accuracy.   
Several outstanding issues need to be addressed, however, before one can 
conclude that the mental rotation data of Wilson et al. (2004) reflect a basic motor 
imagery deficit in DCD.  First, their pattern of response was atypical, but still 
accurate, which some may argue, given their response times were faster than controls, 
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indicates a greater proficiency in the task.  However, given the temporal response 
patterns of controls matched closely the patterns of adult participants in other similar 
studies (de Lange et al., 2005), whilst the DCD group’s did not, the argument that the 
children with DCD treated the hands as objects seems more likely.  If the children 
with DCD did utilize visual imagery rather than motor imagery, the question that is 
raised is how would they perform in a task that is expected to engage visual imagery? 
Also in this regard, a general imagery deficit could not be ruled out in children 
with DCD by the study of Wilson et al. (2004) because it did not include a measure of 
visual imagery.  The only previous study to employ a visual mental rotation task with 
children with impaired motor skill development was conducted with children who 
were classified as ‘motor dysfunctional’, based on tests of motor coordination, 
associated movements and motor speed (Snow et al., 1991).  In this study, the 
children were presented with a card that contained an upright stimulus (either a letter, 
object or figure) at the top and three rotated stimuli below, two of which were mirror 
images of the upright stimulus, with the third being the matching image.  The children 
were required to pick the matching stimulus.  The stimuli on the cards were letters, 
objects or figures.  Based on standardized accuracy scores, there was no difference 
observed between the ‘motor dysfunctional’ group and the ‘motor normal’ group.  
However, the study provided no measure of response or performance time.  This 
means that the ‘motor dysfunctional’ group could have taken longer to respond than 
the ‘motor normal’ group, or they may not have been rotating the figures at all.  
Hence, a dynamic visual imagery task that allows response time and accuracy data to 
be collected would be a valuable addition to the research into imagery performance of 
children with DCD. 
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Summary of Chapter 1 
 In summary, DCD presents as an impairment in motor coordination, with the 
level and type of impairment varying greatly among children.  For many, this type of 
impairment remains evident well into their teenage years and has a wide ranging 
impact on their psychosocial development.  Although no definitive aetiological cause 
has been identified for DCD, a number of approaches were reviewed in this chapter – 
the outdated theory of developmental delay, MBD, information-processing accounts 
and cognitive neuroscientific accounts.  
 The cognitive neuroscientific approach to DCD is a relatively new approach 
that draws on a range of disciplines which together, might provide us with a better 
understanding of motor control.  Hypothesis relating to deficits in motor timing and 
force control, and internal modelling in DCD have been proposed under this 
framework and were reviewed earlier in this chapter. 
 The Internal Modelling Deficit (IMD) hypothesis suggests that children with 
DCD have a deficit in their ability to accurately utilise internal models of motor 
control (P. H. Wilson et al., 2004).  Internal models allow us to predict the 
consequences of our actions, and this prediction can be used ‘on-line’ to update our 
movements before slow sensori-motor feedback becomes available (Frith et al., 
2000), to ensure movements are smooth and coordinated. 
 Research has provided both direct and indirect support for a deficit in the 
internal modelling process in children with DCD.  Direct evidence was found by 
Katschmarsky and colleagues (2001) using a DSST, which is thought to be a direct 
test of internal models.  Children with DCD were significantly less accurate than 
controls when performing the second saccade, the execution of which is based on an 
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internal model.  Indirect support for the IMD comes from studies involving motor 
imagery – the mental simulation of a motor act.  Motor imagery shares many of the 
same neural and physiological components as motor performance and many 
researchers believe that motor imagery is the efference copy of a movement coming 
to consciousness because the actual movement has been inhibited (e.g. Crammond, 
1997). 
 In a number of studies, Wilson and colleagues demonstrated, using the VGPT, 
that although the overt movements of children with DCD conformed to the speed-
accuracy trade-off of Fitts’ law, their imagined movements did not (Katschmarsky et 
al., 2001; Maruff et al., 1999; P. H. Wilson et al., 2001).  The studies suggested that 
children with DCD had difficulty representing the force and time components of 
movement internally, which was taken to be indicative of a deficit in processing 
efference copy, and thus, internal modelling.  Most recently, Wilson and colleagues 
(2004) used a hand rotation task to investigate the ability of children with DCD to 
utilise motor imagery.  The response time pattern of children with DCD was atypical 
(they showed little trade-off for angle) and significantly different from controls.  They 
were however, able to maintain adequate levels of accuracy.  The authors argued that 
the DCD group, due to a reduced ability to utilise motor imagery, actually used a form 
of visual imagery to complete the task. 
 This speculation about the strategy of the DCD group raises some interesting 
questions.  Firstly, is visual imagery a viable strategy for children with DCD?  A 
dynamic visual imagery task has not been used previously with children with DCD.  
Visual imagery ability should be examined to rule out a general imagery deficit in 
children with DCD.  A general imagery deficit should be ruled out if it is to be argued 
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that the motor imagery deficit previously identified in children with DCD is reflective 
of an IMD.   
 The first study in this thesis, presented in the following chapter, aimed to 
address these issues.  Along with a hand rotation task, a visual imagery task was 
included – alphanumeric rotation.  This allowed a more direct comparison of motor 
versus visual imagery in children with DCD and hence, built on the previous findings 
of Wilson and colleagues (2004). 
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CHAPTER 2 
 
STUDY 1:  MENTAL ROTATION OF LIMBS AND ALPHANUMERICS IN 
CHILDREN WITH DEVELOPMENTAL COORDINATION DISORDER: 
EVIDENCE FOR SUBGROUP EFFECTS
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Introduction and Overview 
 
 
In Chapter 1, I reviewed evidence to show that children with DCD may suffer 
from impairment in the ability to internally model movements, with the evidence 
drawn from a number of studies utilising motor imagery tasks (Maruff et al., 1999; P. 
H. Wilson et al., 2001).  Recently, researchers explored this deficit using the mental 
rotation of hands (P. H. Wilson et al., 2004).  The results of the study were mixed:  
though the performance of the children with DCD was atypical, it was not impaired in 
terms of accuracy, with the researchers suggesting that the children with DCD were, 
in fact, using visual, rather than motor imagery.  However, this was conclusion was 
based on indirect evidence as no visual imagery task was included for comparison.  
Study 1 was designed to build on the study of Wilson and colleagues by including a 
specific visual imagery rotation task.  Inclusion of a visual imagery task allowed one 
to determine whether the imagery deficit was specific to the motor domain or was 
generalized in children with DCD. 
 A range of different mental rotation stimuli have been used to elicit visual 
imagery, with the two most common being the three-dimensional cube stimuli, 
originally used by Shepard and Metzlar (1971), and alphanumeric stimuli (Hamm et 
al., 2004; Harris et al., 2000; Harris & Miniussi, 2003; Podzebenko et al., 2005; 
Yoshino et al., 2000).  Given that the alphanumeric task has been used successfully 
with children on a number of occasions (Childs & Polich, 1979; Kail, 1985; Kail & 
Park, 1990; Kail et al., 1980), it was deemed to be the most appropriate visual 
imagery task for use in Study 1.  Also, a baseline measure was included in the mental 
(hand) rotation task to examine whether children with DCD could perform the task 
when, theoretically, no rotation was required.  This involved the paired hand stimuli 
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being presented at varying angles from an upright or canonical position, but with the 
angular disparity between them being zero; such trials were interspersed among the 
normal rotation trials.   
In addition to the alphanumeric task, Study 1 used an interview technique 
developed by Estes (1998), in which children were asked to reflect on how they 
determined if the stimuli presented were the same or different.  In the Wilson et al. 
study (2004), the DCD group had an RT trade-off that was significantly reduced 
compared to controls.  It was suggested that the DCD group may have employed a 
different technique to the control group, but the authors did not corroborate this using 
self-report.  Given that Estes has shown that children as young as four years are able 
to describe how they make their response decisions, it was hoped that the explanations 
of children in Study 1 may help clarify their patterns of response.  Estes showed that 
explanations fall into one of three distinct categories:  ‘Mental rotation’ explanations 
refer explicitly to the process of mentally rotating the stimulus object (e.g., “My brain 
turns the hands around until they face the same way and then I decide”); ‘general 
mental’ explanations refer to mental activity in some way, but give no specific 
description of mental rotation (e.g., “I just think with my brain”), and ‘non-mental’ 
explanations do not refer to mental activity in any way.   Using these classifications, 
Estes demonstrated that participants using ‘mental’ explanations show the typical 
mental rotation RT trade-off, whereas those using ‘non-mental’ explanations showed 
little, if any, trade-off, similar to the pattern displayed by children with DCD in the 
Wilson et al. (2004) study.  By employing a similar interview and classification 
technique, it was hoped that Study 1 would help determine whether the DCD and 
control groups were using the same techniques when completing the task and provide 
insight into what those techniques were.  Further, this technique would allow 
Chapter Two   Study One 
 
 - 47 -  
subgroups to be formed within the DCD group based on their explanation 
classifications, with statistical comparison of their response patterns.  Given that DCD 
and non-DCD groups tend not to differ on verbal IQ (Lord & Hulme, 1987a, 1987b; 
Skinner & Piek, 2001), it was expected that there would be no difference in the ability 
of children with and without DCD to describe their response technique.   
It was predicted that the DCD group would exhibit a significantly lower trade-
off function between response time and angle, compared with controls on the hand 
rotation trials.  Further, it was expected that the DCD group would be significantly 
less accurate when performing the hand rotation trials, given that the IMD hypothesis 
suggests that they are significantly less capable of accurately utilising motor imagery.  
It was also predicted that a greater number of control participants would refer to 
mental rotation compared with the DCD group, which was expected to use non-
mental explanations more frequently.  Additionally, it was predicted that the non-
mental and mental rotation groups (as indicated by self-reports) would differ on 
response time for the hand rotation trials.  This is based on the DCD group in Wilson 
et al.’s (2004) study exhibiting similar RT patterns to those in the non-mental group in 
Estes’ (1998) work, where slope was greatly reduced and there was little RT trade-off 
for angle.  Finally, given that the IMD should not affect a child’s ability to use visual 
imagery, it was expected that both the DCD and control groups would exhibit similar 
trends on both baseline trials (involving no angular disparity between paired stimuli) 
and on a task using alphanumeric stimuli.   
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Methodology 
 
Participants   
The initial sample consisted of 86 children between the ages of 7 and 11 years, 
all of who were participating in a large research project being conducted within the 
Division of Psychology at RMIT University.  The assessments described in this 
chapter were conducted during each child’s initial assessment for the larger project, 
which was approved by RMIT University’s Human Research Ethics Committee 
(HREC) and all children and their next of kin gave informed consent to participate (a 
copy of the parental consent form can be found in Appendix A). 
Children were selected via a method that has been successfully used in 
previous studies (Katschmarsky et al., 2001; Maruff et al., 1999; Wilson et al., 2001; 
Wilson et al., 2004).  First, teachers of children in Grades 2 to 6 from three standard 
primary schools were asked to refer children whose motor coordination they believed 
to be below an age-appropriate level.  These children were included in the DCD group 
if they scored below the 15
th
 percentile on the Movement Assessment Battery for 
Children (Movement ABC; S.E. Henderson & Sugden, 1992) and there was no known 
neurological or physical pathology present.  Similar steps are commonly used when 
identifying children with DCD for research purposes (Geuze et al., 2001).  Any 
children who were referred by their teachers as having movement difficulties, but who 
scored above the 15
th
 percentile on the Movement ABC were excluded from analysis.  
Seven children were excluded on this basis.  Teachers from the same primary schools 
above also referred children whom they believed to have age-appropriate motor 
coordination to form the control group.  These children were included in the control 
group if they scored above the 20
th
 percentile on the Movement ABC.  Finally, 
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children who scored between the 15
th
 and 20
th
 percentiles on the Movement ABC 
were excluded from analysis; four children were excluded on this basis.  The DCD 
group comprised 31 participants (8 female, 23 male) with a mean age of 8 years 9 
months (SD = 1 year 4 months).  The mean Movement ABC Total Movement 
Impairment Score (TMIS) for the DCD group was 14.0 and the mean percentile rank 
was 8.0.  The control group consisted of 44 participants (17 female, 27 male) matched 
at group level on age.  The mean age of the control participants was 8 years 4 months 
(SD = 2 years 5 months), their mean TMIS was 3.7 and their mean percentile rank was 
60.3.  Results of independent t-tests showed no significant age difference between the 
two groups, t(73) = .235, p = .82, d = .005, 95% CI (-0.40, 0.51), and a significant 
difference between the two groups for the mean Movement ABC scores, t(37.93) = 
9.71, p < .001, d = 3.41, 95% CI (2.70, 4.12).    
 
Test Apparatus 
Hand Rotation.   The E-Prime
TM
 software package was used to present 
stimuli and record participant responses to the nearest 1ms.  The stimuli were two 
high-resolution images of actual hands, with each measuring 5.5 cm by 2.2 cm, 
centred on the computer screen (Figure 2.1).  All the hands were in the back view.  
The stimulus on the left of the screen was always a left hand; the stimulus on the right 
could either be a left or right hand.  The hands were presented in 20° increments 
between 0° and 180° in both clockwise and anti-clockwise directions, and were 
presented after a random delay of between 2 and 3 seconds.  The hands disappeared if 
no response was registered after 5 seconds.  This was a similar task to that used by 
Kosslyn and his colleagues (1998) to demonstrate that dorsal stream pathways and 
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associated frontal motor areas were activated by hand rotation and was therefore 
deemed to be an appropriate task to elicit motor imagery. 
Figure 2.1.  Sample hand rotation stimulus.  The left item is a left hand at 0° and the 
one on the right is a left hand at 180°. Subjects decide whether the two hands are the 
same (both left) or different (one left, one right).   
 
Alphanumeric Rotation.   The E-Prime
TM
 software package that was used 
for the hand trials was again used for the alphanumeric stimuli.  The stimuli here were 
a single figure, either the capital letter R or the number 2, presented in the centre of 
the computer screen (Figure 2.2).  Each measured 2 cm
 
by 2 cm.  The stimuli could 
face either the normal, correct direction, or were mirror-reversed, and were presented 
in 20° increments between 0° and 180°, in both clockwise and anti-clockwise 
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directions.  The alphanumeric characters were presented after a random delay of 
between 2 and 3 seconds, and remained on the screen until participants responded.   
 
                                                              
 
 
 
               
              a.                                                   b. 
 
Figure 2.2.  Sample alphanumeric stimuli.  (a) The number 2 at 180° of rotation, 
facing the correct direction, and; (b) mirror-reversed letter R at 180°.  
 
 Procedure 
Hand Rotation.    Participants were asked to determine whether the two 
stimuli were the same (i.e. both left) or different (i.e. one left, one right) as quickly 
and as accurately as possible.  They were not informed that the task required any 
particular strategy, such as mental rotation, and they responded by pressing one of 
two designated keys on the computer keyboard.  Participants completed 10 practice 
trials, followed by 76 test trials.  (Note:  The mental rotation tasks were presented as 
part of a larger battery of tasks.  These other tasks were part of a larger study and do 
not form part of this thesis; they are reported elsewhere.  In this context, the number 
of mental rotation trials had to be reduced in order to minimize the effects of fatigue 
on the children, while still permitting a reliable estimate of performance).   Of the 76 
test trials, 40 were classified as hand rotation trials in which the left stimuli was 
always at 0°, with the right stimuli presented anywhere between 0° and 180°.  The 
remaining 36 trials were baseline trials where mental rotation is not generally 
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observed (see Kosslyn et al., 1998).  In these, the hands were presented anywhere 
between 20° and 180°, with the angular disparity always at 0°.  This gave a total of 9 
possible angles, rather than the ten seen in the hand rotation trials.  The baseline trials 
were randomly dispersed throughout the 76 trials and were included as a control 
condition against which rotation effects could be compared. 
After the practice trials, participants were asked, “How can you tell if the 
hands were the same of different?” and their responses were recorded verbatim in 
writing.  At the end of the 76 trials, participants were asked “Can you tell me anything 
else about how you know if the hands were the same or different?” Again, responses 
were recorded verbatim.  Researchers were careful not to use terms such as imagine, 
think, or rotate to avoid leading participants in their answers. 
Alphanumeric Rotation.   Participants were asked to determine whether 
the letter or number was the ‘right’ or ‘wrong’ way around as quickly and accurately 
as possible.  They again responded by pressing the designated keys on the computer 
keyboard.  For this task, participants were shown the letters and numbers on a piece of 
paper in both the correct and mirror-reversed forms prior to commencing.  This was to 
ensure that they understood the difference between the ‘right’ and ‘wrong’ way.  They 
were also shown the same stimuli facing in different directions to clarify that even 
though a figure may be upside down, it can still be facing the ‘right’ way.  
Participants completed six practice trials, followed by 72 trials, half of which 
contained the letter R and half of which contained the number 2, presented randomly. 
Explanation Category.   The explanations given by the participants were 
coded according to the criteria of Estes (1998).  Participants who did not refer to any 
type of mental activity in their answer, or said they did not know, were coded as 
providing non-mental (NM) explanations.  Participants who referred to mental 
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activity in some way, but made no specific reference to mental rotation, were coded as 
providing general mental (GM) explanations.  For example, they may have said “I 
just think with my brain”.  Finally, participants who referred specifically to mentally 
turning/rotating the object (e.g. “I turned it around in my brain”) were coded as 
mental rotation (MR).  Two researchers ranked the explanations independently.  Of 
the 75 rankings, the two researchers disagreed on 11% of cases (c.f. 13 % for Estes).  
Two independent experts in the area of imagery were consulted to adjudicate on these 
cases, and a consensus decision was reached.  
 
Design and Analysis 
Hands.   For each child, mean RTs were calculated for each angle.  Data 
were combined for stimuli having the same angle of rotation, irrespective of the 
direction from upright.  For example, data for the 20° and 340° trials were combined, 
as both stimuli were 20° from upright.  This is a common technique used in mental 
rotation paradigms (see, for example, Roelofs et al., 2002; Harris et al., 2000), which 
increases the reliability of RT estimates at each angle by increasing the number of 
trials.  To remove anticipatory and abnormally delayed responses, RTs less than 
250ms (anticipatory) and responses greater than 2 times the mean RT for each angle 
for each individual participant were excluded from analysis (c.f. Kosslyn et al., 1998).  
Mean RTs were then recalculated.  For the hand rotation trials, this removed a mean 
total of 9.1% (SD = 3.7) for the DCD group and 4.6% (SD = 7.3) for the control group.  
For the baseline trials, 8.6% (SD = 9.5) of trials for the DCD group were removed and 
4.4% (SD = 6.6) for the control group.   
Alphanumeric.   Mean response times were calculated for each angle, 
with the responses for R and 2 combined.  Again, data for stimuli presented at the 
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same angle of rotation, irrespective of direction, were also combined for analysis.  
Anticipatory and abnormally delayed responses were removed in the same manner as 
those for hand rotation.  This removed 4.0% (SD = 3.7) for the DCD group and 2.7% 
(SD = 2.7) for the control group.   
For both the hand and alphanumeric tasks, each child’s mean RT was plotted 
against angle of rotation.  A linear curve was fitted to the RT plot and a least-squares 
method was used to obtain slope, intercept and r
2
.  Of the latter, Fisher’s 
transformation of r was used in parametric analysis.  Mean regression estimates were 
then derived for each group.  For categorical data, two-way Chi Square tests were 
conducted to examine the relationship between group and explanation category for the 
hand task.  For RT data, a multivariate planned contrast was conducted for each task 
comparing the DCD and control groups on the mean regression estimates (slope, 
intercept and Fisher’s r).  Additionally, another two contrasts were conducted for the 
hand rotation trials, comparing the DCD and control subgroups: DCD-MR vs. DCD-
NM, and control-MR vs. control-NM.  As well, a two-way repeated measures 
ANOVA [2(group) x 10(angle)] was conducted for each task.  The performance of 
sub-groups (two DCD and two control) on the hand rotation trials was compared 
using a two-way repeated measures ANOVA [4(subgroup) x 10(angle)]. Response 
accuracy data (proportion correct) was also submitted to ANOVA, as above.  The 
multivariate approach to repeated measures ANOVA was used to protect against 
violations to the assumption of sphericity (Tabachnick & Fidell, 2001). 
In order to correct for violations of the assumptions of homogeneity of 
variance and normality, response accuracy data was transformed prior to analysis.  A 
square root transformation was used for the hand rotation and alphanumeric data, 
while a power transformation was used for the baseline data.   
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Results 
Hand Rotation Trials 
 Response Time – Planned Contrasts on Regression Estimates.   Mean 
regression estimates were calculated for RT on angle for each group and can be seen 
in Table 2.1.  A planned contrast did not reveal a significant multivariate effect, 
Wilks’ Λ = .964, F(5, 66) = 0.49, p = .78, η2 = .036, or any significant (univariate) 
differences between the DCD and control groups on slope, F(1, 70) = 0.19, p = .67, η2 
= .003, intercept, F(1, 70) = 0.51, p = .48, η2 = .007, or Fisher’s r, F(1, 70) = 0.76, p = 
.39, η2 = .010.  Full statistical information can be found in the ANOVA tables in 
Appendix B. 
 
Table 2.1 
Mean Regression Estimates for the DCD and Control Groups for the Hand Rotation 
Trials 
Group n Slope Intercept Fisher’s r 
DCD 30 3.37 (4.19) 1677.81 (528.93) .73 (.51) 
Control 44 3.46 (2.93) 1618.42 (478.65) .79 (.53) 
Note:  SD in parenthesis 
 
 
Response Time – ANOVA. Repeated measures ANOVA on mean RT 
revealed no significant interaction between angle and group, Wilks’ Λ = .927, F(9, 
65) = 0.57, p = .82, η2 = .073 (Figure 2.3).  There was a significant effect for angle, 
Wilks’ Λ = .464, F(9, 65) = 8.34, p = <.001, η2 = .536, but no significant between-
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subjects effect for group, F(1, 73) = 0.22, p = .64, η2 = .003.  The effect for angle was 
explored using pairwise comparisons.  Since the number of comparisons was large, 
full details are provided in Appendix B.  In summary, a significant incremental 
increase in RT with each angle was revealed. 
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Figure 2.3.  Mean RT at each angle of rotation for DCD and Control groups on the 
hand rotation trials.   
 
 
 Accuracy.   Analysis of response accuracy revealed no significant 
interaction between angle and group, Wilks’ Λ = .963, F(9, 65) = 0.28, p = .98, η2 = 
.037 (Figure 2.4).  There was a significant effect for angle, Wilks’ Λ = .660, F(9, 65) 
= 3.72, p = .001, η2 = .340, but no significant between-subjects effect for group, F(1, 
73) = 1.87, p = .18, η2 = .025.  The effect for angle was explored using pairwise 
comparisons, revealing a significant mean RT difference between the angles of 0° and 
100°, p = .031, 0 and 160°, p = .002 and 0 and 180°, p = .001. 
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Figure 2.4.  Mean response accuracy at each angle of rotation for DCD and Control 
groups on the hand rotation trials.   
 
Hand Rotation Trials – Subgroup Analysis 
Explanation Category.   Of the 31 children in the DCD group, 12 (or 
39%) were categorized as giving non-mental explanations (DCD-NM), 18 (58%) as 
mental rotation (DCD-MR) and one as general mental.  The control group had 23 (or 
52%) children categorized as non-mental (C-NM) and 21 (48%) as mental rotation 
(C-MR).  Only one control child used a general mental explanation; as the base rate 
was negligible, this category was excluded from analysis.  A contingency table 
analysis of group with hand explanation category revealed no significant relationship 
between these two variables, χ2 (1, N = 74) = 1.08, p = .30, V = .121.  The mean 
Movement ABC percentile ranking for each subgroup was 6.92 for DCD-NM, 8.39 
for DCD-MR, 59.35 for C-NM and 61.33 for C-MR.  There were no differences in the 
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Movement ABC percentile rankings between the DCD subgroups, t(28) = -.79, p = 
.43, or the control subgroups, t(42) = -.27, p = .79 
Response Time – Planned Contrasts on Regression Estimates.  Mean 
regression estimates for RT on angle were calculated for each of the four subgroups 
(DCD-NM, DCD-MR, C-NM and C-MR) and can be seen in Table 2.2.  These values 
were subjected to two multivariate planned comparisons; the first compared the DCD-
NM and DCD-MR subgroups, whilst the second compared the C-NM and C-MR 
subgroups.  The results of these can be seen in Table 2.3. 
 
Table 2.2 
Mean Regression Estimates for RT on Angle for DCD and Control Subgroups for the 
Hand Rotation Trials 
Group n Slope Intercept Fisher’s r 
DCD-NM 12 1.13 (4.40) 1809.72 (660.34) .45 (.34) 
DCD-MR 18 5.20 (3.05) 1594.79 (437.64) .94 (.52) 
C-NM 23 2.69 (3.37) 1672.90 (430.20) .65 (.45) 
C-MR 21 4.31 (2.14) 1558.76 (530.89) .95 (.57) 
Note:  SD in parenthesis 
 
As revealed in Table 2.3, the contrast between the DCD-NM and DCD-MR 
subgroups revealed a significant multivariate effect.  Further, the DCD-NM subgroup 
was found to have significantly lower values for slope and Fisher’s r than the DCD-
MR subgroup.  There was no significant multivariate effect for the C-NM and C-MR 
subgroups and there were no differences between the two on the estimates of slope or 
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intercept.  However, the C-MR subgroup was found to have a significantly higher 
value for Fisher’s r.   
 
Table 2.3 
Statistical Results for the Planned Contrasts Conducted on the Response Time 
Regression Estimates for the Hand Rotation Trials 
Groups Measure Wilks’ Λ F df p η2 
DCD-NM Multivariate .831 2.68 5,66 .029 .169 
Vs Slope - 11.72 1,70 .001 .143 
DCD-MR Intercept - 1.31 1,70 .26 .018 
 Fisher’s r - 7.24 1,70 .009 .094 
 
C-NM Multivariate .928 1.02 5,66 .41 .072 
Vs Slope - 2.84 1,70 .10 .039 
C-MR Intercept - 0.56 1,70 .46 .008 
 Fisher’s r - 4.10 1,70 .047 .055 
 
Response Time – ANOVA. Repeated measures ANOVA on mean RT 
revealed a significant subgroup(4) by angle(10) interaction, Wilks’ Λ = .503, F(27, 
181.71) = 1.78, p = .014, η2 = .204 (Figure 2.5).  The simple main effect for angle 
was significant for the DCD-NM subgroup, Wilks’ Λ = .656, F(9, 62) = 3.62, p = 
.001, η2 = .344, DCD-MR subgroup, Wilks’ Λ = .569, F(9, 62) = 5.22, p < .001, η2 = 
.431, and C-MR subgroup, Wilks’ Λ = .585, F(9, 62) = 4.88, p < .001, η2 = .415.  
There was no main effect for angle within the C-NM subgroup, Wilks’ Λ = .779, F(9, 
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62) = 1.96, p = .060, η2 = .221.  Of the 45 possible pairwise comparisons between 
angles in the task, the DCD-NM subgroup differed significantly on three comparisons, 
the DCD-MR subgroup on 12 comparisons, and the C-MR subgroup on 7. Full details 
of the significant comparisons can be found in Appendix B.  In summary, for the 
DCD-NM subgroup, the three differences between angles all involved 120° (vs. 100º, 
140º and 180º); Figure 2.5 shows that RT was greatly reduced at this angle.  For the 
two subgroups describing mental rotation, the differences all occurred between lower 
and higher angular orientations – that is, there was a trend for orientations between 0° 
and 80° to differ from those above 120°.  Further, trend analysis of RT over angles 
showed a significant linear trend for the DCD-MR subgroup, F(1, 17) = 52.49, p 
<.001, η2 = .755, C-NM subgroup, F(1, 22) = 14.69, p = .001, η2 = .400, and the C-
MR subgroup, F(1, 20) = 85.24, p < .001, η2 = .810.  For the DCD-NM subgroup, 
however, the linear trend was not significant F(1, 11) = 0.79, p = .39, η2 = .067.  
Simple main effects for subgroup revealed a significant difference at 120° only, F(3, 
70) = 4.14, p = .009, η2 = .151, where the DCD-NM subgroup were significantly 
faster than both the DCD-MR subgroup, p = .006, and the C-NM subgroup, p = .037. 
Response Accuracy.    Analysis of response accuracy revealed no 
significant interaction between angle and subgroup, Wilks’ Λ = .614, F(27, 181.71) = 
1.22, p = .22, η2 = .150 (Figure 2.6).  There was a significant effect for angle, Wilks’ 
Λ = .669, F(9, 62) = 3.62, p = .002, η2 = .331, but no significant between-subjects 
effect for subgroup, F(3, 70) = 1.28, p = .29, η2 = .052.  The effect for angle was 
explored using pairwise comparisons, revealing a significant difference on the 
proportion correct between the angles of 0° and 120°, p = .044, 0 and 160°, p = .005 
and 0 and 180°, p = .001.   
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Figure 2.5.  Mean RT at each angle of rotation for DCD and Control subgroups on the 
hand rotation trials. 
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Figure 2.6.  Mean response accuracy at each angle of rotation for DCD and Control 
subgroups on the hand rotation trials. 
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Baseline Hand Trials 
Response Time – Planned Contrasts on Regression Estimates. Mean 
regression estimates for RT on angle were again calculated for each group and can be 
seen in Table 2.4.  Planned contrasts on this data revealed no significant multivariate 
effect between the DCD and control groups, Wilks’ Λ = .911, F(5, 66) = 1.29, p = .28, 
η2 = .089, and no significant difference on slope, F(1, 70) = 0.09, p = .77, η2 = .001, 
intercept, F(1, 70) = 0.15, p = .70, η2 = .002, or Fisher’s r, F(1, 70) = 0.04, p = .84, η2 
= .001.     
 
Table 2.4 
Mean Regression Estimates for the DCD and Control Groups for the Baseline Hand 
Trials 
Group n Slope Intercept Fisher’s r 
DCD 30 2.85 (4.16) 1642.22 (726.04) .56 (.42) 
Control 44 2.69 (3.89) 1621.51 (524.92) .57 (.31) 
Note:  SD in parenthesis 
 
Response Time – ANOVA. Repeated measures ANOVA on mean RT for 
baseline trials revealed no significant group by angle interaction, Wilks’ Λ = .891, 
F(8, 66) = 1.01, p = .44, η2 = .109 (Figure 2.7).  There was a significant effect for 
angle, Wilks’ Λ = .524, F(8, 66) = 7.49, p < .001, η2 = .476, but not for group, F(1, 
73) = 0.10, p = .75, η2 = .001.  The effect for angle was explored using pairwise 
comparisons. This revealed similar trends to those in the hand rotation trials, with the 
angular orientations below 80° generally differing to those above 120°.  The 
significant comparisons are presented in Appendix B.   
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Figure 2.7.  Mean RT at each angle of rotation for DCD and Control groups on the 
baseline hand trials. 
 
Response Accuracy.  Analysis of response accuracy revealed no 
significant interaction between angle and group, Wilks’ Λ = .956, F(8, 66) = 0.38, p = 
.93, η2 = .044 (Figure 2.8).  There was a significant effect for angle, Wilks’ Λ = .707, 
F(8, 66) = 3.43, p = .002, η2 = .293, and for group, F(1, 73) = 4.66, p = .034, η2 = 
.060, indicating the controls were significantly more accurate than the DCD group.  
The effect for angle was explored using pairwise comparisons.  These comparisons 
revealed significant differences in mean accuracy between the lower angular 
orientations of 20°, 80° and 100°, and the greater orientations of 160° and 180°.  Full 
details of these differences can be found in Appendix B.    
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Figure 2.8.  Mean response accuracy at each angle of rotation for DCD and Control 
groups on the baseline hand trials. 
 
Alphanumeric Task 
Response Time – Planned Contrasts on Regression Estimates.   Mean 
regression estimates for RT on angle for the alphanumeric trials can be seen in Table 
2.5.  The planned contrast between the DCD and control groups revealed no 
significant multivariate effect, Wilks’ Λ = .995, F(5, 63) = 0.07, p = .997, η2 = .000, 
and no significant difference between the groups on slope, F(1, 67) = 0.01, p = .93, η2 
= .000, intercept, F(1, 67) = 0.13, p = .72, η2 = .002 or Fisher’s r, F(1, 67) = 0.01, p = 
.92, η2 = .000.   
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Table 2.5 
Mean Regression Estimates for the DCD and Control Groups for the Alphanumeric 
Trials 
Group n Slope Intercept Fisher’s r 
DCD 31 6.65 (7.84) 1645.23 (678.00) .82 (.37) 
Control 40 7.34 (5.09) 1580.00 (657.83) .86 (.35) 
Note:  SD in parenthesis 
 
Response Time – ANOVA. Repeated measures ANOVA on mean RT did 
not reveal a significant group by angle interaction, Wilks’ Λ = .801, F(9, 65) = 1.80, p 
= .086, η2 = .199 (Figure 2.9).  There was a significant effect for angle, Wilks’ Λ = 
.357, F(9, 65) = 13.00, p < .001, η2 = .643, but no significant between-subjects effect 
for group, F(1, 73) = 0.06, p = .80, η2 = .001.  The effect for angle was explored using 
pairwise comparisons, again revealing a general trend for higher angles to produce 
slower mean RTs compared to the lower angles.  In particular, angles below 80º 
produced significantly faster RTs than angles above 120º and angles between 80º-
140º produced significantly faster RTs than 160º and 180º.  All significant 
comparisons are again provided in Appendix B. 
Response Accuracy.    Analysis of response accuracy revealed no 
significant interaction between angle and group, Wilks’ Λ = .858, F(9, 65) = 1.19, p = 
.32, η2 = .142 (Figure 2.10).  There was a significant effect for angle, Wilks’ Λ = 
.527, F(9, 65) = 6.48, p < .001, η2 = .473, but no significant between-subjects effect 
for group, F(1, 73) = 1.65, p = .20, η2 = .022.  The effect for angle was explored using 
pairwise comparisons, revealing a general trend where higher angles produced 
significantly less accurate results compared with the lower angles.  Specifically, 0º 
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and 20º differed significantly from all angles above 120º, whilst the angles between 
40º and 100º differed significantly from 140º.  Again, the significant comparisons are 
listed in Appendix B.   
 
0
500
1000
1500
2000
2500
3000
0 20 40 60 80 100 120 140 160 180
Angle (degrees)
R
e
s
p
o
n
s
e
 T
im
e
 (
m
s
)
DCD
Control
 
Figure 2.9.  Mean RT at each angle of rotation for DCD and Control groups on the 
alphanumeric trials. 
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Figure 2.10.  Mean response accuracy at each angle of rotation for DCD and Control 
groups on the alphanumeric trials. 
 
Summary of Results 
 In summary, there were no significant differences on a group level in the hand 
rotation task in either RT or accuracy.  There was, however, a significant RT 
interaction between subgroup and angle on the same task, with the DCD-NM group 
displaying a unique RT pattern in comparison to the other subgroups.  There were no 
subgroup effects for accuracy.  In the baseline hand task, there were no significant 
group effects for RT, with both groups showing similar RT patterns to that in the hand 
rotation task.  The control group was significantly more accurate than the DCD group 
in the baseline task.  Finally, there were no group differences in RT or accuracy for 
the alphanumeric task. 
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Discussion 
 
 
 Study 1 aimed to extend the work of Wilson and his colleagues (2004) by 
assessing both the motor and visual imagery ability of children with DCD, and by 
subgrouping participants based upon their verbal reports of their task approach.  At a 
group level, it was expected that the DCD group would exhibit a significantly lower 
trade-off function between RT and angle than controls, and would also be less 
accurate, on the hand rotation trials.  The results did not support this hypothesis, with 
no group differences isolated in terms of either RT or accuracy.  Also in regards to the 
hand task, it was expected that a greater proportion of control children would describe 
a mental rotation approach to the hand rotation trials, whilst a greater proportion of 
children with DCD would use non-mental explanations.  This hypothesis was also not 
supported by the results, with no relationship between group and explanation found.  
It was further expected that the RT profiles of the mental rotation and non-mental 
subgroups in the hand rotation task would differ significantly, with the non-mental 
subgroups exhibiting a significantly lower trade-off function between RT and angle.  
There was partial support for this hypothesis, with the DCD subgroups performance 
matching the predicted pattern, but there was no such difference between the control 
subgroups.  Finally, we expected no group differences on RT or accuracy for either 
the baseline hand task or the alphanumeric task.  This was supported in most aspects, 
but a group difference was isolated in accuracy for the baseline hand task, where the 
controls were significantly more accurate.  These findings are discussed at length in 
the remainder of this discussion, beginning with the results of the hand rotation trials. 
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Hand Rotation Trials   
Previously, Wilson et al. (2004) found that on a single-hand rotation task, a 
group of children with DCD displayed a significantly lower value for the slope of the 
regression of RT on angle than a control group.  Here in Study 1, this finding was not 
fully replicated – overall, there was little difference in slope (DCD – 3.37; Controls – 
3.46), though there was greater within-group variability for DCD (SD for DCD = 4.19, 
Controls = 2.93).  Although Study 1 failed to find a significant difference between the 
two groups on accuracy, controls were generally 5-10% more accurate than the DCD 
group across all angles.  On balance, there was not strong support for the first two 
hypotheses of Study 1, namely that children with DCD would exhibit an atypical RT 
pattern for the hand rotation trials, which would be manifest as a significantly lower 
RT trade-off and/or reduced accuracy.  
Wilson and colleagues (2004) also speculated about the possible response 
strategies in children with DCD on the hand task.  In order to examine the task 
approach used by children in the current study, their verbal explanations of how they 
completed the task were categorized as either mental rotation (MR) or non-mental 
(NM).  This yielded four subgroups: DCD-NM, DCD-MR, C-NM and C-MR. 
Subsequent comparisons identified a subgroup of children with DCD whose mean 
slope estimate was significantly lower than the remainder of the DCD group. 
The planned comparisons revealed that the DCD-NM subgroup had little 
trade-off in RT for angle, with a significantly lower slope value than the DCD-MR 
subgroup (DCD-NM – 1.13, versus 5.20 for DCD-MR).  Indeed, the DCD-NM 
subgroup were the only one not to manifest a significant linear trend (see Figure 2.5).  
ANOVA, however, revealed a significant effect for angle in this subgroup.  Post hoc 
tests showed that this was the result of significant differences between three 
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combinations of angle only – all three comparisons involved 120°, and it can be seen 
in Figure 2.5 that the RT for the DCD-NM group at this angle was somewhat lower 
than the RT for the surrounding angles.   
Despite the differences between the DCD-NM and DCD-MR subgroups in RT 
patterns, there were no subgroup differences isolated on accuracy scores.  Indeed, it 
can be seen in Figure 2.6 that the response accuracy of the two DCD subgroups was 
fairly similar.  With the exception of 40° and 120°, the accuracy of the two subgroups 
was generally within 5% of each other, indicating that the approach reported by 
children with DCD to complete the task had little impact upon task accuracy.  
Interestingly, the level of accuracy for the two DCD subgroups was considerably, but 
not significantly, lower than the C-MR group at all but one of the angles (120°).  Not 
including 120°, the difference in accuracy between the C-MR subgroup and the most 
accurate DCD subgroup ranged from 7.14% at 20° to 19.04% at 60°, with an average 
of 11.38%.  A relatively small sample size for the DCD-NM group in particular (n = 
12) would limit the statistical power of this analysis.   
The analysis of the control subgroups also delivered some interesting findings.  
There was no difference between the control subgroups on any of the regression 
estimates, including slope.  Although the C-NM subgroup was the only subgroup not 
to show a significant effect for angle on RT, the linear trend was still significant.  
Hence, there was still evidence that mental rotation was occurring in the C-NM 
subgroup, although the effect for angle was not as strong as that for the MR 
subgroups.  Hence, unlike the DCD subgroups, the control subgroups showed 
relatively similar RT patterns, with both showing incremental increases in RT with 
each angle. 
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In terms of accuracy, the lack of significant effect for subgroup indicates that 
there was no significant difference between the C-NM and C-MR subgroups.  
However, Figure 2.6 shows that the response accuracy of the C-NM subgroup is 
closer to the DCD subgroups than the C-MR subgroup.  The difference in accuracy 
between the two control subgroups ranged from 5% to more than 20%, though it was 
not picked up statistically. 
This variability between the control subgroups may go some way to explain 
why the difference in accuracy between the combined DCD and control groups was 
not detected by ANOVA.  The decreased accuracy of the C-NM group would have 
lowered the overall performance of the control group as well as increasing within-
group variability.   
 
Baseline Hand Trials 
 With the baseline trials, no rotation effects were expected in any of the groups.  
The angular disparity between the stimuli on these trials was always 0° and as such, 
theoretically, no rotation should be required to complete the task.  However, in this 
study, the baseline and hand rotation trials were combined, so as not to draw attention 
to the differences between the two.  As a result, rotation effects were evident, similar 
to those found in the hand rotation trials.  The results of the baseline trials are 
discussed here in line with these findings.  The task will be discussed in further detail 
in the general discussion of this chapter. 
Generally, the results of the baseline hand trials were similar to that of the 
hand rotation trials in terms of response time.  There was no significant difference 
between the DCD and control groups on any of the regression estimates.  Further, 
there was no significant group effect revealed by the repeated measures ANOVA.   
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There was, however, a significant group effect for accuracy, indicating that the 
control group was more accurate than the DCD group.  No such difference had been 
isolated in the hand rotation trials.  Visally, this appeared to be attributable to the 
control group being more accurate during the baseline trials than they had been in the 
hand rotation trials, whilst there was little difference between the rotation and baseline 
trials for the DCD group.  To check this, the mean accuracy across angles was 
calculated for both groups for the hand rotation trials as well as the baseline trials.  
Both groups showed an overall increase in accuracy in the baseline trials, when 
compared to the rotation trials, though the improvement was greater in the control 
group (overall improvement for the DCD group was 1.27% and 4.51% for controls).  
This meant that whilst the controls were, overall, 8.73% more accurate than the DCD 
group on the hand rotation trials, they were 11.97% more accurate on the baseline 
trials.  Combined with the control groups decreases in variability from 30.63% to 
25.38% between the two tasks, this resulted in a significant difference in accuracy. 
 
Alphanumeric Task 
 The analysis of the alphanumeric task results found no significant differences 
between the DCD and control groups on measures of RT or accuracy.  Both groups 
demonstrated strong RT trade-offs, with the slope for both groups more than double 
that for either the hand rotation or baseline trials.  In terms of accuracy, the 
performance of both groups was also very similar, with the groups within 10% of 
each other at all angles. 
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Comparison of Results with Previous Imagery Studies 
 Some of the differences and similarities between the current study and that of 
Wilson and colleagues (2004) have been discussed already in this chapter.  These 
issues need further consideration to provide direction for Study 2. 
 It is clear that as an overall group, the DCD group in the current study 
performed quite differently from the DCD group in the previous hand rotation study 
(P. H. Wilson et al., 2004).  The main difference was in the slope of the DCD group; 
in the current study, slope was 3.37, which was close to the slope of the controls in the 
study by Wilson and colleagues (3.565).  The DCD group in the Wilson et al. study 
was 0.902.  However, there was a subgroup of children with DCD (DCD-NM) in the 
current study that did perform similarly to the DCD group in Wilson et al.’s study.  As 
mentioned above, the slope of the DCD group in Wilson et al.’s study was 0.902, 
compared with 1.13 for the DCD-NM subgroup here.  Also, accuracy was generally 
around 65-75% for the DCD group in the previous study and Figure 2.6 in this chapter 
shows that accuracy was generally between 55-75% for the DCD-NM subgroup.  So, 
although the findings of the two studies overall were somewhat different, there were 
some underlying similarities that require further exploration. 
 Previous studies of motor imagery in children with DCD have noted that a 
small number of children with DCD have performed within typical limits on the 
VGPT (Katschmarsky et al., 2001; P. H. Wilson et al., 2001).  It was not surprising 
therefore to find a subgroup of children with DCD in the current study that were not 
statistically different from controls in either RT or accuracy.  What is perhaps 
surprising is that rather than being a minority of participants, as in the previous 
studies, this subgroup comprised almost two-thirds of the current DCD group.  A 
number of factors might have contributed to this and each will be discussed below. 
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 Group demographics.  There are three group demographic variables 
that could impact upon performance of the mental rotation tasks – age, gender and the 
TMIS from the Movement ABC.  Each will be considered here in turn. 
There was a small difference in the average age of participants in the current 
study compared to those in the previous study of mental rotation and DCD (P. H. 
Wilson et al., 2004).  The DCD group in Wilson and colleagues’ study were almost 
two years older than the participants here (10 years, 4 months in Wilson et al.; 8 
years, 9 months here).  One would expect however, that if this age difference were to 
have had an impact, it would have been that more of the younger children in the 
current DCD group would have performed atypically, rather than vice versa.  In terms 
of gender, the proportion of female to male participants in the DCD group in the 
current study was fairly similar to that in Wilson et al.’s study (2004).  In this study, 
eight of 31 children with DCD were female (25.8%) and in Wilson et al.’s study, five 
of 16 children with DCD were female (31.3%). 
 There were no obvious differences in TMIS on the Movement ABC.  In the 
previous study, the mean TMIS for the DCD group was 14.4 and for the current DCD 
group, it was 14.0.  Interestingly, in previous studies using the VGPT (Maruff et al., 
1999; P. H. Wilson et al., 2001), motor imagery deficits have been more pronounced 
than they were in either the study by Wilson and colleagues (2004), or the study 
presented here.  The mean TMIS in the DCD groups in the VGPT studies were above 
17.  Although a score of either 14 or 17 would both result in a child being ranked 
below the 5
th
 percentile of the Movement ABC, it remains interesting that more 
pronounced deficits have been found with slightly higher TMIS.  This should not 
discount however, the many differences between the VGPT and mental rotation tasks 
that might also contribute to the differences in imagery deficits. 
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 Overall, it seems that there was little in the way of demographic differences 
that might explain why so many less children performed atypically in the current 
study compared to those previously.  Indeed, the only notable difference was in age, 
but this did not have an impact in the direction that one would expect were age 
actually a determining factor in performance.  Other differences between the studies 
must therefore be considered, with the most obvious being the differences in task 
design. 
 Differences in task design. The most obvious design difference between this 
study and that of Wilson and colleagues (2004) is the number of stimuli.  In the 
current study, children were presented with two hands and were required to make a 
same/different judgment.  In Wilson et al.’s study, children were presented with a 
single hand stimulus and required to make a left/right judgment.  Both of these 
designs have been shown to activate areas in the brain associated with motor imagery 
(Kosslyn et al., 1998; Parsons & Fox, 1998a).  However, some recent work by Zacks 
and his colleagues (Zacks et al., 2003; Zacks, Ollinger, Sheridan, & Tversky, 2002b) 
has come to light that suggests that a double-hand stimulus design, like that used here, 
might allow participants to use visual, rather than motor, imagery.  They found that if 
they presented a picture of a man holding out his arm in singular form, participants 
determined which arm was outstretched using an egocentric transformation.  If they 
used the same stimulus picture, but presented it as a double stimulus requiring a 
same/different decision, participants used object (or visual) imagery to respond.  It is 
possible therefore that the hands, when presented in the manner of this study, were 
viewed as objects, despite this task previously being shown to activate motor areas of 
the brain (Kosslyn et al., 1998).  If children in the DCD group were able to utilize 
visual imagery instead of motor imagery, their response patterns would likely be 
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similar to that of children using motor imagery.  This would enable them to overcome 
possible deficits in motor imagery, and might explain why a smaller proportion of 
children with DCD performed atypically than what had been observed in previous 
imagery studies (Katschmarsky et al., 2001; P. H. Wilson et al., 2001). 
 There were also some differences in the number of trials completed in each 
study.  In the current study, there were 40 hand trials (and 36 baseline) appearing 
across 10 angles, resulting in four trials per angle.  In the study by Wilson and 
colleagues (2004), there were 80 trials across only five angles, resulting in 16 trials at 
each angle.  The increased number of trials at each angle in the study of Wilson et al. 
would have provided less variability at each angle than what was present in the 
current study.  The increased variability in the current study might have reduced the 
possibility of finding significant differences between groups – for example, as 
previously discussed, the C-MR group visually appeared more accurate in the hand 
rotation trials than the other three subgroups, but this was not supported statistically. 
 Summary. In summary, the major difference between the current study 
and previous motor imagery studies in DCD (Katschmarsky et al., 2001; P. H. Wilson 
et al., 2001) was the number of children who performed within typical ranges in the 
hand rotation task.  Previous studies have identified small subgroups of children with 
DCD who perform within typical limits on tasks such as the VGPT, but in the current 
study, this subgroup comprised almost two-thirds of the DCD group.  Differences in 
group demographics between the studies were reviewed, but it was concluded that the 
small differences that were observed were unlikely to have an impact upon the results.  
It appears more likely that the differences in task design between the current study 
and that of Wilson and colleagues (2004) influenced the study results.  In particular, 
the use of double-hand stimuli rather than a single-hand stimulus was likely to have 
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provided an alternative, viable strategy for children in the DCD group to overcome 
their hypothesized imagery deficits. 
 
General Discussion 
 Although it was shown in Study 1 that children with DCD were able to 
successfully complete a mental rotation task using visual imagery (in the 
alphanumeric task), there was no conclusive evidence of a deficit in their ability to 
utilise motor imagery.  Although the control group was significantly more accurate 
than the DCD group on baseline hand trials, there were no group differences isolated 
in the hand rotation trials.  Instead, a subgroup of children with DCD were identified 
who displayed an atypical response pattern in the hand rotation trials, distinct from the 
response patterns of the remaining three subgroups. 
 The subgroup of children with DCD who did not refer to mental rotation when 
explaining their strategy (DCD-NM) were the only subgroup not to show a linear 
trend in RT in the hand rotation trials and had a significantly lower slope estimate 
than the DCD-MR subgroup.  Despite their atypical RT pattern, the DCD-NM 
subgroup were not significantly less accurate than the other subgroups, results that 
were similar to those of the DCD group in Wilson et al.’s study (2004).  Taken 
together, these results suggest that the DCD-NM subgroup were using an alternative 
strategy to mental rotation.  Given the reduced slope estimate for this subgroup, it is 
expected that this strategy would involve the identification of critical features of the 
hand that could be used to aid in decision-making regardless of the angular 
orientation.  One such critical feature might be the direction in which the thumb 
points, with 60% of the DCD-NM subgroup referring to the thumb in their verbal 
descriptions of their task approach.  This is a similar suggestion to that proposed by 
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Wilson et al. (2004) to explain the similar lack of RT trade-off found in their DCD 
group and as discussed previously, was likely to be a viable option given the double-
stimulus task design.   
 The DCD-MR subgroup gave descriptions of mental rotation when explaining 
their strategy for the hand rotation trials and their large slope estimate and significant 
linear trend for RT appear to support this.  The accuracy of this subgroup was not 
significantly lower than the C-MR subgroup, though as previously discussed, visual 
inspection of Figure 2.6 reveals that at several angles (60°-100° for example), the 
DCD-MR subgroup was substantially less accurate than the children in the C-MR 
subgroup.  Thus, although statistically this subgroup of children with DCD were 
unimpaired in their ability to mentally rotate images of hands, there are trends in the 
data that suggest that they may not always be as successful as control children using a 
similar technique. 
 Interestingly, the response pattern of the C-NM subgroup was dissimilar to that 
of the DCD-NM subgroup.  The slope estimate for the C-NM subgroup was greater 
than the DCD-NM subgroup’s estimate, though it was still reduced compared to the 
MR subgroups.  Indeed, there was not a significant difference in slope between the 
two control subgroups, with a linear trend present in the RT data for the C-NM 
subgroups.  Thus, it appears that the C-NM subgroup was using mental rotation to 
complete the hand rotation trials, despite not describing this strategy verbally.  Estes 
(1998) also had participants in his 6 year old and adult groups, who did not use mental 
rotation in their explanations, but still showed a strong RT trade-off.  He suggested 
three possible reasons for this.  One was that his younger participants were not able to 
describe the process they were using.  This is possible given that children are likely to 
acquire conscious access to their mental activity at differing rates.  However, it does 
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seem unlikely that more than 50% of the control group (52.3%), with a mean age of 8 
years, 9 months, were unable to describe mental rotation when children as young as 4 
years were able to describe the process in Estes’ work.  Further, only 15% of 6 year 
olds and 20% of adults in the Estes study used non-mental explanations when their 
RT patterns suggested they were rotating.  This indicates that although an inability to 
describe mental rotation may explain the performance of some participants in the C-
NM group, it is unlikely to encompass the entire group.   
A second possibility was that participants were not aware of using mental 
rotation.  This may be the result of a lag in the development of metacognition or 
because the process is more automated in children with normal motor skill 
development, which reduces their ability the access conscious awareness of having 
used this process.  Such automaticity is characteristic of elite athletes, where their 
skills are so well automated that they are unable to recall the steps they take when 
performing (Beilock & Carr, 2001).  For example, elite long jumpers have been 
shown to lack conscious awareness of the adjustments they make to their stride length 
as they approach the take-off board to ensure they hit the board accurately on each 
jump (Lee, Lishman, & Thomson, 1982). 
Lack of awareness of mental rotation is associated with Estes’ (1998) third 
suggestion – that participants used another strategy.  While it is possible that 
participants employed just one other strategy that resulted in similar RT patterns to 
mental rotation, it seems more likely that they were using mental rotation on just 
some of the trials, and another strategy on others, or that they were combining mental 
rotation and another strategy.  The use of mental rotation may not be the most salient 
method, and is therefore overlooked when the children are describing their strategy.  
This seems a more likely explanation.  As mentioned earlier, a large number of 
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children giving non-mental explanations referred to looking at the thumbs in the 
hands task, or the curve of the 2 in the alphanumeric task, to make their decision.  
These children may have used a combination of rotation and invariant features, but 
the rotation was less prominent in their minds.  That is, they may have rotated the 
second hand into congruence with the first, and then examined the position of the 
thumbs.  This could explain why they showed the typical RT trade-off, despite not 
referring to the use of rotation.   
 One interesting, but unexpected, finding involved the baseline trials.  These 
trials were included to assess whether children with DCD could perform the hand task 
when no mental rotation was required.  However, the effect of distributing the 
baseline trials throughout the rotation trials was not considered a prior.  Most mental 
rotation studies using baseline trials do so in order to gain a baseline measure of brain 
activity during some form of brain scanning (Kosslyn et al., 1998; Thayer et al., 2001; 
Zacks et al., 2003) and conduct these trials separately to their rotation trials.  By not 
drawing attention to the difference between the baseline and actual trials, and having 
the two combined, we observed an RT trade-off for baseline trials, fairly similar to 
that seen in the rotation trials.  This indicates that children still tended to use a mental 
rotation strategy despite the absence of any angular disparity between the paired 
stimuli.  However, the hands were never presented in the upright position in the 
baseline trials; instead they were always presented at angular orientations of between 
20°-340°.  On the other hand, in the rotation trials, the hand on the left was always at 
0° and the hand on the right appeared at varying angular orientations.  It was therefore 
likely that many participants might not have visually inspected the hand on the left 
before beginning to rotate the hand on the right during the rotation trials.  It then 
makes sense that participants may have begun to rotate the stimuli towards the upright 
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before they realised that the angular disparity between the hands was 0°.  
Alternatively, some participants might have found it easier to make their decision 
when the stimuli were in the upright position, even when the angular disparity is 0°. 
 
Limitations 
 The major limitation of Study 1 was the classification system that created 
subgroups based on the verbal reports of participants.  In particular, the non-mental 
classification was a default category that included all participants who did not refer to 
mental rotation or the brain/mind.  This meant that there were a wide variety of 
explanations within both non-mental subgroups, some of which provided greater 
detail than others.  For example, some children provided a response such as “I looked 
at the thumbs” whereas others said “I can just tell if they were the same or not”.  
Unfortunately, the limited sample size of Study 1 and in particular, the DCD group, 
made it untenable to subdivide the non-mental groups any further.  The classification 
system should, however, be revised for future studies aiming to clarify response 
patterns of participants performing hand rotation tasks to provide for a range of 
responses within the non-mental category.   
 
Summary   
 The results of Study 1 provide only partial support for the IMD hypothesis.  
Although previously differences in RT were isolated between DCD and control 
groups performing mental hand rotations (P. H. Wilson et al., 2004), it might also be 
expected that an increase in error rate would be indicative of an abnormality in motor 
imagery ability.  In Study 1, there was a subgroup of children with DCD (DCD-NM) 
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whose RT pattern was atypical and though their accuracy was not statistically lower 
than the remaining subgroups, it was somewhat lower than the C-MR subgroup.  The 
RT pattern of the DCD-NM subgroup, along with their verbal reports, suggests that 
children in this subgroup were not using mental rotation when performing the hand 
rotation task.  It is argued that this subgroup of children with DCD instead resorted to 
an alternative strategy to perform the task due to a reduced ability to accurately utilise 
motor imagery, as suggested by the IMD hypothesis; the alternate strategy did result 
in reasonable levels of accuracy, however.  So, although Study 1 did not find that the 
DCD group, as a whole, was impaired in their ability to perform the hand rotation task 
accurately, there was a subgroup of children with DCD whose response pattern did fit 
that which would be predicted by an IMD.   
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CHAPTER 3 
 
STUDY 2:  MOTOR, VISUAL AND EGOCENTRIC TRANSFORMATIONS IN 
CHILDREN WITH DEVELOPMENTAL COORDINATION DISORDER
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Introduction and Overview 
 
 In Chapter 2, results of a mental hand rotation task provided partial support for 
the IMD hypothesis.  Study 1 did not find an overall group difference on the hand 
rotation task in terms of either RT or accuracy, but there was a subgroup of children 
with DCD whose response patterns were atypical.  This subgroup (DCD-NM) had a 
significantly lower slope than the remainder of the study participants, a value which 
was close to the slope of the DCD group in Wilson and colleagues (2004) previous 
study.  Unlike other DCD/motor imagery studies however, almost two-thirds of the 
DCD group in Study 1 performed typically on the hand rotation task.  Although 
previous studies using the VGPT have identified children with DCD performing 
within typical limits, the numbers are usually quite small (Katschmarsky et al., 2001; 
P. H. Wilson et al., 2001).  The large number identified in Study 1 suggested the use 
of an alternate object-related strategy by many children with DCD when performing 
mental limb rotation, perhaps to compensate for a reduced ability to generate accurate 
internal representations for action.  A number of changes have been made to the task 
(discussed below) to reduce the ability of children to use alternative strategies to 
complete the task.  The two major aims of Study 2, therefore, were to determine 
whether children with DCD were capable of solving a mental (limb/body) rotation 
task when task constraints made strategies other than motor imagery untenable and to 
determine whether receiving simple motor imagery instructions would benefit their 
performance on such a task.   
 In order to achieve these aims, there were a number of changes to the task 
design from Study 1, each of which will be discussed in turn.  The first, and most 
obvious change, was the use of a single-hand version of the hand task, similar to that 
used by Wilson and colleagues (P. H. Wilson et al., 2004).  The single-hand version 
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of the rotation paradigm involves a judgment of handedness, and not a discrimination 
judgment (as in Study 1).  As discussed in Study 1, recent work by Zacks and 
colleagues (Zacks et al., 2003; Zacks et al., 2002b) has shown that presentation of 
single stimuli requiring judgments of handedness activates separable neural areas to 
those activated if two of the same stimuli are presented side by side, requiring a 
same/different judgment.  Indeed, using whole-body stimuli, they report data which 
suggests that single stimuli enlist an egocentric perspective transformation, while 
paired stimuli involve an object-related transformation with associated activation of 
object analysis centres. So, whilst the double-hand stimulus has been shown to 
activate motor areas in the brain (Kosslyn et al., 1998), it is possible that the observer 
can adopt an object-based strategy transformation under some task constraints.  As it 
is difficult to differentiate between motor and visual imagery without some form of 
neuroimaging, it was expected that the single-stimulus format was the more reliable in 
terms of enlisting motor imagery. 
Though the single-hand stimulus was used by Wilson et al. (2004), there were 
some differences between the format of that task and the hand task used in Study 2 
here.  The hand stimuli for the Wilson et al. study were presented in either palm or 
back view, but were combined for analysis.  Although some studies show that a 
typical RT pattern is observed when views are combined (de Lange, Hagoort, & Toni, 
2005), others show distinct patterns for palm and back view (Parsons, 1987, 1994).  
As the palm view does not normally elicit a typical mental rotation RT pattern 
(Parsons, 1987, 1994), response patterns might be deemed ‘atypical’ when they 
actually are not.  So, in Study 2, single hands in back view only were presented since 
responses to these stimuli typically show a linear RT trade-off, not only when 
handedness judgments are required but also when subjects are merely asked to 
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imagine their own hands in the position of the stimulus without indicating handedness 
(Parsons, 1994).  Hence, we could be sure that a ‘typical’ response pattern would 
reflect a linear trade-off for angle in RT. 
Another important departure from the format of the Wilson et al. (2004) study 
concerned the instructions that were given to children before they completed the hand 
task.  A number of studies have reported that after completing single-hand tasks, 
people usually report having imagined their own hand in the position of the stimulus 
on the screen (Parsons, 1987b, 1994).  However, Roelofs and colleagues have shown 
that when actually instructed to use this technique, there is a significant impact on the 
response patterns of participants compared to when the task is performed without 
instruction (Roelofs, van Galen, Keijsers, & Hoogduin, 2002).  It was expected that if 
children with DCD have a reduced ability to perform movement-related mental 
transformations, then they would be resistant to any brief induction that is designed to 
encourage explicit use of movement imagery.  Thus, the hand mental rotation task 
was completed twice, first without and then with explicit motor imagery instructions.  
The instructions were designed to encourage children to adopt a first-person 
perspective when performing the task, thereby reducing their reliance on alternative 
strategies. 
The final change to the constraints of the hand task in Study 2 involved the 
covering of the children’s own hands.  It was seen as a possibility that children might 
look at their own hands resting on the computer keyboard, using them as a visual 
prompt when making their handedness judgment, rather than referencing an internal 
body schema.  To prevent this, a soft towel was placed over their hands, thereby 
increasing the reliance on motor imagery to complete the task. 
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Study 2 also introduced an additional transformation task, the egocentric, 
whole-body task.  It has recently been determined that when whole-body stimuli are 
used within the mental rotation paradigm, a change in egocentric viewing perspective 
occurs (Zacks, Mires et al., 2002; Zacks, Ollinger et al., 2002; Zacks et al., 1999).  An 
egocentric transformation refers to “imagined movements of the observer’s point of 
view relative to the environment” (Zacks et al., 2003, pp.1660).  This is a more 
complex transformation than that required in the hand task, and allows participants to 
view the environment from different perspectives, including those of other people 
(Zacks, Mires et al., 2002).  Hence, the ability to utilize this type of transformation is 
important for interaction with the environment.  As well, being able to take on the 
(physical) perspective of other people may aid in skill development, as it allows an 
observer to see the task from the performer’s perspective, supporting imitation and 
mental rehearsal of a modelled action.  Such a task has not been used previously with 
children with DCD.  Since these children have difficulty interacting with and 
negotiating their environment (Larkin & Hoare, 1991; Wilson et al., 2001) and find 
imitative actions problematic (e.g. Dewey, 1993), we would expect that the ability to 
perform egocentric transformations may be impaired in DCD.  The inclusion of this 
whole-body task allowed us to explore this possibility further.   
Importantly, there are some differences between the whole-body imagery task 
and other mental rotation tasks on the temporal pattern of responding.  The task is 
presented in a similar manner to other mental rotation tasks eliciting motor or visual 
imagery.  The stimulus is usually a picture of a person, facing the participant, holding 
out either their left or right arm with participants required to determine which arm is 
being held out.  However, the RT pattern associated with this and similar tasks are 
somewhat different to the traditional rotation pattern (Parsons, 1987a; Wraga et al., 
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2005; Zacks et al., 2003; Zacks, Mires et al., 2002; Zacks, Ollinger et al., 2002).  In 
adult populations, whole-body imagery tasks appear to be far less affected by angle, 
as participants make a transformation of their internal reference frame rather than 
performing a rotation of the stimulus on the screen.  Parsons (1987) found that 
participants often choose the shortest imagined path when mentally transforming their 
own bodies into the position of a stimulus.  When the stimulus is presented at higher 
angles, such as 135° or 180°, participants view the body as a supine figure, and 
imagine their own bodies in this position, rather than imagining themselves rotating 
180° in the frontal plane and then another 180° around the vertical axis.  This was 
confirmed in a recent study which found that at greater angles, RTs were faster when 
the stimulus was presented facing the participant, and could therefore be viewed as a 
supine figure, as opposed to when it was presented facing in the same direction as the 
participant and thereby requiring a rotation around the vertical axis of the body (Jola 
& Mast, 2005).  Taken together, these studies indicate that in adult populations, a 
typical response pattern for the whole-body task shows little RT trade-off for angle 
and in fact, RTs appear to be faster at large angular orientations such as 135° and 
180°.   
To summarise, Study 2 had a number of aims.  Firstly, it aimed to further 
examine the performance of children with DCD on a motor imagery task and 
determine the impact of imagery instructions on their ability to perform the task.  
Study 2 also considered whether these children would be impaired on a whole-body 
task, which required egocentric transformations.  Finally, Study 2 aimed to rule out 
the existence of a general imagery deficit in children with DCD using a visual 
imagery task.  It was predicted first that the DCD group would display an atypical 
performance pattern in the hand rotation task, which may be manifest in terms of an 
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atypical RT pattern or decreased response accuracy.  Although Study 1 did not find an 
overall group difference in performance on the hand task, it was expected that the 
change to task constraints (use of a single-hand stimulus design rather than double-
hand and covering the hands of participants for the duration of the task) would reduce 
the ability of children with DCD to utilise other strategies, and hence bring to the fore 
their decreased ability to effectively use motor imagery, as predicted by the IMD 
hypothesis.  Second, we expected that although controls may show some benefit from 
explicit imagery instructions, the DCD group’s performance would show minimal 
change.  This prediction was based on two main observations:  first, the view that the 
ability to utilize verbal prompts about movement representation presupposes that the 
performer has learned the implicit correlation between real and imagined action and 
hence can model accurately the internal coordinates of an action; and second on 
findings in the sport psychology domain that show athletes who have greater general 
imagery ability are better able to use explicit mental imagery training (Martin, Moritz, 
& Hall, 1999).   Third, we expected that children with DCD would be less efficient 
than controls in their performance of the whole-body task.  Finally, given that the 
IMD should have little impact on the ability of children with DCD to perform visual 
imagery, we expected no group differences on the alphanumeric task. 
 
 
Methodology 
 
Participants 
The initial sample consisted of 39 children aged between 7 and 11 years.  
Children were selected using the same method as that used in Study 1 and the study 
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was approved by the HREC of RMIT University.  The children participating in the 
study described here had not previously been assessed for the Study 1.  First, teachers 
of children in Grades 2 to 6 from a public primary school in regional Victoria were 
asked to refer children whose motor coordination they believed to be below an age-
appropriate level.  These children were included in the DCD group if they scored 
below the 15
th
 percentile on the Movement ABC (S. E. Henderson & Sugden, 1992) 
and there was no known neurological or physical pathology present.  Fifteen children 
were identified as having DCD using the above method.  A further three children 
were included who previously were identified as having DCD and were part of a wait-
list DCD intervention group tested in a larger longitudinal study conducted under 
RMIT University’s AIMED-UP study.  Teachers from the regional school above also 
referred children whose motor coordination they believed was age-appropriate.  These 
children were included in the control group if they scored above the 20
th
 percentile on 
the Movement ABC.  No children referred by their teachers as having motor 
coordination below an age-appropriate level scored above the 15
th
 percentile on the 
Movement ABC in the current study, however, three other non-referred children were 
excluded given that they scored between the 15
th
 and 20
th
 percentiles.  The DCD 
group, thus, was made up of 18 participants (9 female, 9 male) with a mean age of 9.7 
years (SD = 0.7 years), a mean Movement ABC TMIS of 14.6 (SD = 3.0) and a mean 
Movement ABC percentile rank of 5.2 (SD = 3.5).  The control group consisted of 18 
participants (9 female, 9 male) with a mean age of 9.2 years (SD = 1.4), a mean TMIS 
of 5.6 (SD = 1.9) and a mean percentile rank of 41.6 (SD = 16.9).  Results of 
independent t-tests showed no significant age difference between the two groups, 
t(24.85) = 1.41, p = .172. By definition, the two groups differed significantly on 
Movement ABC percentile rank, t(18.41) = -8.93, p < .001.    
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Test Apparatus 
Imagery Tasks.   The E-Prime
TM
 software package was used to present 
all stimuli for the imagery tasks and recorded participant responses to the nearest 1 
ms.  For each task, the stimuli were centred on the computer screen, and were 
presented in 45° increments between 0° and 360°.  All stimuli were presented after a 
random delay of between 2 and 3 s, with the stimuli remaining on the screen until the 
participant responded, or 10 s had expired, whichever came first.  Stimuli images are 
described below.   
Hand Task.    The stimuli were high-resolution images of a left or right hand, 
measuring 9 cm by 8 cm.  All the hands were in the back view (see Figure 3.1).  
Participants completed five practice trials, followed by 40 test trials.  As in Study 1, 
data were combined for stimuli having the same angle of rotation, irrespective of 
orientation.  Thus there were eight trials at each of 5 angles (0°, 45°, 90°, 135° and 
180°), of which four were left hands and four were right hands.  All trials were 
randomly presented for each participant.   
Alphanumeric Task.    The stimuli were single figures, either the capital 
letter F or the number 5, each measuring 9 cm by 6 cm.  The stimuli could face either 
the normal, correct direction, or were mirror-reversed (see Figure 3.2).  As with the 
hands, participants completed five practice trials, followed by 40 test trials, half 
containing the letter F and the other half the number 5.  After combining data for 
stimuli with the same angle of rotation, there were eight trials per angle.  All trials 
were again randomly presented.   
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Figure 3.1.  Sample hand rotation stimulus – left hand, 0° of rotation. 
 
   
Figure3.2. Sample alphanumeric stimuli – the number 5 at 0º of rotation, normal (left) 
and mirror-reversed (right) 
 
Whole-Body Task.    The stimuli for this task were high-resolution 
images of a man with either his left or right arm held out to his side, or crossed over 
his body, the figure measuring 9 cm by 6 cm (see Figure 3.3).  As with the other tasks, 
participants were given five practice trials, followed by 40 test trials.  There was an 
equal and random distribution of left and right arms held out either across or to the 
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side of the body.  Like the alphanumeric task, this gave eight trials per angle, after 
data from the same angles were combined. 
 
 
Figure 3.3.  Sample whole-body stimuli – left arm across and right arm out, 0°. 
 
Procedure 
For all imagery tasks, participants were given up to 10 s to record a response.  
If no response was recorded after 10 s, the stimulus disappeared and the next trial 
began.  All trials were followed by a random delay of between 2 and 3 s, regardless of 
whether or not a response was registered.   
Hand Task.   Two hand rotation tasks were used in this study: a hand rotation 
task with no instruction (HR-NI) and a hand task with instruction (HR-I).  For the HR-
NI condition, participants were asked to determine whether the stimulus was a left or 
a right hand as quickly and as accurately as possible, and to respond by pressing one 
of two designated keys on the keyboard.  They were not given any guidance on 
technique or strategy.  In the HR-I condition, participants were asked to imagine their 
own hand in the position of the stimulus and to use this as a guide when deciding 
whether it was a left or right hand.  Again, they were asked to respond as quickly and 
accurately as possible.  For both tasks, participants’ hands were covered with a towel 
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to prevent them looking at their own hands or holding their hands up to the screen for 
comparison.  Before their hands were covered, participants located the appropriate 
response keys on the computer keyboard – d for left and k for right.  These keys were 
marked with blu-tack to ensure participants could identify them underneath the towel. 
Alphanumeric Task.    Participants were asked to determine whether 
the F or 5 was the ‘right’ or ‘wrong’ way around as quickly and accurately as 
possible.  They again responded by pressing one of two designated keys on the 
computer keyboard:  d if the figure was the ‘right’ way and k if the ‘wrong’ way.   
Whole-Body Task.    In this task, participants were asked to determine 
if the man on the screen was holding out his left or right arm.  They were instructed to 
imagine themselves in the position of the man to help them decide which arm was 
being held out.  Again, participants responded by pressing designated keys on the 
computer keyboard: d if it was a left arm and k if it was a right arm. 
Task Order.    Testing generally took between 45 and 60 minutes.  
Task order was pseudo-randomised across participants, with all participants first 
completing two imagery tasks, followed by the Movement ABC, and then the 
remaining two imagery tasks.  The HR-NI was always completed as one of the first 
two imagery tasks, before the HR-I and the whole-body task, to avoid leading 
participants in their strategy.  Finally, to avoid an immediate practice effect, the HR-I 
was always completed in the second block of imagery trials, completed after the 
Movement ABC, and resulting in a break between the two hand tasks of 
approximately 30 minutes.  
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Design and Analysis 
For each child in each task, mean response times (RTs) and accuracy 
(proportion correct) were calculated for each angle over both directions of rotation.  
To remove anticipatory and abnormally delayed responses, RTs less than 250ms 
(anticipatory) and responses greater than 2.5 times the mean RT for each angle for 
each individual participant were excluded from analysis (cf. Kosslyn et al., 1998).  
Each child’s mean RT was plotted against angle of rotation.  A linear curve was fitted 
to the RT plot and a least squares method was used to obtain slope, intercept and r
2
.  
Mean regression estimates were, then, derived for each group.   
Response time and accuracy data were tested for violations of the assumptions 
of normality and homogeneity of variance.  In regards to RT, the following variables 
violated the assumption of normality:  HR-I - 90° and r
2
; alphanumeric - r
2
; whole-
body - 45° and intercept.  The following variables violated the variance assumption:  
HR-NI - 45°, 135 and r
2
; HR-I - 45° and r
2
; alphanumeric - 45°, 90°, 135° and; whole-
body - r
2
.  Square-root transformations were used to resolve violations to the response 
time in the HR-NI, HR-I and the whole-body task.  Square root transformations also 
resolved the violations to the whole-body intercept data.  Power transformations were 
used to resolve the remaining violations: HR-NI - r
2
, HR-I – r
2
, and alphanumeric – r
2
 
were transformed to the power of 3, whilst whole-body – r
2
 was transformed to the 
power of 1.889. 
With regards to response accuracy, the assumption of normality was violated 
at every angle across all tasks, due to the negative skew in the accuracy data.  These 
violations were not able to be corrected using data transformations.  These data were 
still subjected to analysis given that the F test is robust to the effect of skew 
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(Lindman, 1974) and to departures of normality when the dferror are greater than 20 
(Tabachnick & Fidell, 2001). 
For RT data, multivariate planned contrasts comparing groups (DCD-Control) 
were conducted for each task using the mean regression estimates as dependent 
measures (slope, intercept and r
2
).  As well, a two-way repeated measures ANOVA 
[5(angle) x 2(group)] was conducted for each task.  Response accuracy data were also 
submitted to a 5 x 2 repeated measures ANOVA.  The analysis of repeated measures 
data was again conducted using the multivariate approach to ANOVA to protect 
against violations to the assumption of sphericity.  
 
 
Results 
 
Hand Task 
 There was data missing for two children in the HR-NI task.  One of these 
children was from the DCD group and the other was from the control group.  Due to 
this, their response time and accuracy data was also removed from the HR-I task.  
This meant that for the hand tasks, there were 17 children in each group, rather than 
18. 
Response Time – Planned Contrasts on Regression Estimates.   For both 
hand tasks, mean regression estimates were calculated within each group for RT on 
angle and can be seen in Table 3.1.  For the HR-NI, a planned contrast on the 
regression estimates did not reveal a significant multivariate effect, Wilks’ Λ = .811, 
F(3, 30) = 2.32, p = .095, η2 = .189 (ANOVA tables can be found in Appendix B).  
Univariate tests revealed a significant difference between the two groups for intercept, 
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F(1, 32) = 5.29, p = .028, η2 = .142, while slope approached significance, F(1, 32) = 
3.85, p = .059, η2 = .107.  There was no significant difference between the groups for 
r
2
, F(1, 32) = 2.736, p = .11.  For the HR-I, there was no significant multivariate 
effect, Wilks’ Λ = .894, F(3, 30) = 1.19, p = .33, η2 = .106, and no significant 
univariate effects for slope, F(1, 32) = 3.357, p = .076, intercept, F(1, 32) = 1.517, p = 
.23 or r
2
 F(1, 32) = .624, p = .44.   
 
Table 3.1 
Mean Regression Estimates for the DCD and Control Groups for the Hand Task 
Without Imagery Instructions (HR-NI) and With Imagery Instructions (HR-I) 
Task Group n Slope Intercept r
2 
HR-NI DCD 17 7.05 (6.12) 1829.05 (722.76) .60 (.31) 
 Control 17 11.18 (6.04) 1359.64 (431.59) .79 (.11) 
HR-I DCD 17 7.54 (4.58) 1472.01 (590.84) .59 (.35) 
 Control 17 10.98 (6.26) 1238.32 (512.68) .73 (.22) 
Note:  SD in parenthesis 
 
Response Time – ANOVA. For the HR-NI, repeated measures ANOVA on 
mean RT revealed no angle by group interaction, Wilks’ Λ = .873, F(4, 29) = 1.06, p 
= .40, η2 = .127  (Figure 3.4a).  There was a significant effect for angle, Wilks’ Λ = 
.239, F(4, 29) = 23.10, p < .001, η2 = .761, but no effect for group, F(1, 32) = .232, p 
= .63, η2 = .007.  The effect for angle was explored using pairwise comparisons of 
estimated marginal means with Bonferroni adjusted α levels, which revealed 
significant differences on mean RT between all angles (all p < .001) with the 
exception of 0° and 45°, p = 1.00, and; 135° and 180°, p = .134.   
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For the HR-I, repeated measures ANOVA on mean RT revealed no angle by 
group interaction, Wilks’ Λ = .854, F(4, 29) = 1.24, p = .32, η2 = .146 (Figure 3.4b).  
There was a significant effect for angle, Wilks’ Λ = .156, F(4, 29) = 39.22, p < .001, 
η2 = .844, but no effect for group, F(1, 32) = .145, p = .71, η2 = .005.  The effect for 
angle was explored using pairwise comparisons, revealing significant differences 
between all angles (all p < .05) other than 0° and 45° (p = 1.00) .   
 
 
 
 
 
 
 
 
 
 
Figure 3.4.  Mean response time (ms) by angle (degrees) for (a) the DCD and control 
groups on the hand task without imagery instructions and (b) the hand task with 
imagery instruction.   
 
Accuracy.   For the HR-NI, repeated measures ANOVA on mean accuracy 
revealed no group by angle interaction, Wilks’ Λ = .937, F(4, 29) = .49, p = .75, η2 = 
.063 (Figure 3.5a).  There was no significant effect for angle, Wilks’ Λ = .766, F(4, 
29) = 2.22, p = .092, η2 = .234, or group, F(1, 32) = .464, p = .50, η2 = .014.  For the 
HR-I, repeated measures ANOVA again revealed no group by angle interaction for 
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accuracy, Wilks’ Λ = .849, F(4, 29) = 1.29, p = .30, multivariate η2 = .151 (Figure 
3.5b).  There was, however, a significant multivariate effect for angle, Wilks’ Λ = 
.618, F(4, 29) = 4.49, p = .006, η2 = .382, and a significant group effect, F(1, 32) = 
4.94, p = .034, η2 = .134.  Overall, the DCD group was significantly less accurate than 
controls:  mean accuracy of 82.50% and 94.72%, respectively, averaged over angle.  
The effect for angle was explored using pairwise comparisons and revealed that all 
other angles differed significantly from 180°: 0° v 180°, p = .003; 45° v 180°, p = 
.003; 90° v 180°, p = .002 and; 135° v 180°, p = .020.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5.  Mean response accuracy (% correct) by angle (degrees) for (a) the DCD 
and control groups on the hand task without imagery instructions and (b) the hand 
task with imagery instruction. 
 
 Due to a lack of statistical power, it was not possible to conduct an ANOVA 
that included task (with imagery instructions or without) as an additional within-
subject variable.  To overcome this and clarify the differences in performance across 
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tasks among the groups, the mean accuracy across angles was calculated for each 
group on both hand tasks.  These means were then submitted to two paired-samples t-
tests, one for each group, the results of which are reported below. 
 Mean accuracy for the two tasks were DCD, HR-NI – 78.38; HR-I – 80.15 
and; controls, HR-NI – 82.53 and; HR-I – 94.56.  The first two-tailed paired samples 
t-test found no significant difference in mean accuracy for the DCD group between 
the two tasks, t(16) = -0.91, p = .38, d = 0.07, 95%CI (-0.60,0.74).  The second two-
tailed paired samples t-test found a significant difference in mean accuracy for the 
control group between the two tasks, t(16) = -2.23, p = .040, d = 0.66, 95%CI (-
0.03,1.35), indicating that the control group were significantly more accurate in the 
HR-I task when compared to the HR-NI task. 
Whole-Body Task 
Response Time – Planned Contrasts on Regression Estimates.   Mean 
regression estimates for the whole-body task were calculated within each group for 
RT on angle and can be seen in Table 3.2.  A planned contrast on the regression 
estimates showed that the multivariate effect was not significant, Wilks’ Λ = .867, 
F(3, 32) = 1.64, p = .20, η2 = .133.  Univariate tests revealed a significant difference 
between the two groups for intercept, F(1, 34) = 4.74, p = .037, η2 = .122, but there 
was no significant difference between the groups for slope F(1, 34) = .433, p = .51 or 
r
2
, F(1, 34) = .095, p = .76.   
Response Time – ANOVA. Repeated measures ANOVA on mean RT for 
the whole-body task revealed no angle by group interaction, Wilks’ Λ = .867, F(4, 31) 
= 1.19, p = .34, multivariate η2 = .133 (Figure 3.6).  There was a significant effect for 
angle, Wilks’ Λ = .551, F(4, 31) = 6.32, p = .001, η2 = .449, and the effect for group 
Chapter Three   Study Two 
 
 - 101 -  
approached significance, F(1, 34) = 3.56, p = .068, η2 = .095.  Overall, the DCD 
responded faster than controls: mean RT, averaged across angles, was 2640.02ms for 
the DCD group and 3300.80ms for controls.  Pairwise comparisons revealed 
differences at three combinations of angle: 0° v 135°, p = .007; 0° v 180°, p = .003, 
and; 90° v 180°, p = .034. 
  
Table 3.2 
Mean Regression Estimates for the DCD and Control Groups for the Whole Body 
Rotation Task 
Group n Slope Intercept r
2 
DCD 18 4.56 (4.97) 2188.55 (1146.42) .39 (.36) 
Control 18 3.25 (6.71) 3008.04 (1225.37) .41 (.27) 
Note:  SD in parenthesis 
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Figure 3.6.  Mean response time (ms) by angle (degrees) for the DCD and control 
groups on the whole-body task. 
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Accuracy.   Repeated measures ANOVA on mean accuracy for the whole-
body task revealed no angle by group interaction, Wilks’ Λ = .925, F(4, 31) = .63, p = 
.65, multivariate η2 = .075 (Figure 3.7).  There was no significant effect for angle, 
Wilks’ Λ = .873, F(4, 31) = 1.132, p = .36, η2 = .127, but there was a strong group 
effect, F(1, 34) = 9.50, p = .004, η2 = .218.  Overall, the DCD group was substantially 
less accurate than controls:  47.43% compared with 68.06%, respectively, averaged 
across angle.  
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Figure 3.7.  Mean response accuracy (% correct) by angle (degrees) for the DCD and 
control groups on the whole-body task. 
 
Alphanumeric Task 
Response Time – Planned Contrasts on Regression Estimates.   Mean 
regression estimates for the alphanumeric task were calculated within each group for 
RT on angle and can be seen in Table 3.3.  A planned contrast on the regression 
estimates did not reveal a significant multivariate effect, Wilks’ Λ = .961, F(3, 32) = 
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.43, p = .73, η2 = .039.  Univariate tests revealed no significant differences between 
the two groups for slope, F(1, 34) = 1.225, p = .28, intercept, F(1, 34) = .167, p = .69 
or r
2
, F(1, 34) = .653, p = .43.   
 
Table 3.3 
Mean Regression Estimates for the DCD and Control Groups for the Alphanumeric 
Rotation Task 
Group n Slope Intercept r
2 
DCD 18 5.21 (5.21) 1601.74(886.34) .57 (.27) 
Control 18 7.52 (7.17) 1501.47 (544.77) .60 (.33) 
Note:  SD in parenthesis 
 
 
Response Time – ANOVA. Repeated measures ANOVA on mean RT for 
the alphanumeric task revealed no group by angle interaction, Wilks’ Λ = .923, F(4, 
31) = .65, p = .63, multivariate η2 = .077 (Figure 3.8).  There was a significant 
multivariate effect for angle, Wilks’ Λ = .376, F(4, 31) = 12.86, p < .001, η2 = .624, 
but no significant effect for group, F(1, 34) = .001, p = .98, η2 = <.001.  Pairwise 
comparisons revealed significant differences between the following combinations of 
angle: 0° and 135°, p = .001; 0° and 180°, p < .001; 45° and 90°, p = .005; 45° and 
135°, p < .001; 45° and 180°, p < .001; 90° and 135°, p = .003 and; 90° and 180°, p < 
.001.   
Chapter Three   Study Two 
 
 - 104 -  
0
500
1000
1500
2000
2500
3000
3500
0 45 90 135 180
Angle (degrees)
R
e
s
p
o
n
s
e
 T
im
e
 (
m
s
)
DCD
Control
 
Figure 3.8.  Mean response time (ms) by angle (degrees) for the DCD and control 
groups on the alphanumeric task. 
 
Accuracy.  Repeated measures ANOVA on mean accuracy for the 
alphanumeric task revealed no group by angle interaction, Wilks’ Λ = .909, F(4, 31) = 
.77, p = .55, multivariate η2 = .091 (Figure 3.9).  There was a significant multivariate 
effect for angle, Wilks’ Λ = .478, F(4, 31) = 8.46, p < .001, η2 = .522, which was 
resolved using pairwise comparisons.  There were significant differences between 0° 
and 135°, p = .009, 0° and 180°, p < .001 and 45° and 180°, p = .007.  There was no 
effect for group, F(1, 34) = .814, p = .37, η2 = .023.   
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Figure 3.9.  Mean response accuracy (% correct) by angle (degrees) for the DCD and 
control groups for the alphanumeric task. 
 
Small n comparison of DCD subgroups 
Though not part of the planned analysis, the DCD group was separated into 
two subgroups; those who scored on or below the 5
th
 percentile on the Movement 
ABC (termed DCD-severe) and those who scored between the 6
th
-15
th
 percentiles 
(termed DCD-mild).  Of the 17 DCD participants in Study 2 who completed the hand 
task, 12 were classified as DCD-severe, leaving five in the DCD-mild subgroup.  
When the response patterns of the subgroups were plotted, the results were visually 
quite different.  One such example is shown below in Figure 3.10, which depicts the 
response accuracy for the hand task with instructions.  Due to the small and unequal 
subgroup sizes, these data were analysed using non-parametric statistics only.  As 
there are no non-parametric tests that are the equivalent of the repeated-measures 
ANOVA, tests were conducted on each group’s mean accuracy, averaged across 
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angle.  For the HR-I, a Kruskal-Wallis test showed there was a significant difference 
between the ranks associated with the scores of the three groups, χ
2
 (2, N = 32) = 9.02, 
p = .011.  Post-hoc Mann-Whitney tests, with a Bonferroni adjusted α level of .0167, 
found that there was a significant difference in the ranks associated with the DCD-
severe subgroup and the control group, U = 44.5, z = -2.93, p = .003.  The difference 
in the ranks associated with the DCD-severe and DCD-mild subgroup did not reach 
significance based on the adjusted α level, U = 25.0, z = -1.97, p = .049.  The 
significance value for this test fell just short of the traditional α level of .05.  There 
was not a significant difference between the ranks associated with the DCD-mild and 
control groups, U = 67.0, z = -0.29, p = .77.  Similar trends to that observed in Figure 
3.10 were also seen in RT and accuracy for the remaining motor imagery tasks, where 
the performance of the DCD-mild group was in-between that of the DCD-severe and 
control groups.  This was not the case for the alphanumeric task, where all three 
groups performed similarly.  This will be discussed further in the Discussion section 
of this chapter.  
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Figure 3.10.  Mean response accuracy (% correct) by angle (°) for the hand task with 
imagery instructions for the DCD subgroups and controls.  
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Summary of Results 
 In summary, there were a number of differences isolated between the DCD 
and control groups.  For the HR-NI, the only significant group difference was for the 
regression estimate for intercept, though slope approached significance.  There were 
no other effects involving group on RT or accuracy.  When imagery instructions were 
introduced, there were no significant group differences on RT, but there was a 
significant difference on accuracy, with the control group more accurate than the 
DCD group.  For the whole-body task, the effect of group on RT approached 
significance and there was a strong group effect for accuracy.  This was the result of 
an increased level of accuracy in the control group compared to the DCD group.  
Finally, there were no group differences in RT or accuracy for the alphanumeric task.  
In addition, there was some evidence that indicated that motor imagery impairment 
might be more severe in children with greater levels of motor impairment than those 
with only minor motor difficulties.   
 
 
Discussion 
 
 
It was seen in Study 1 that results provided mixed support for the IMD 
hypothesis.  Although no overall group difference was found on measures of RT or 
accuracy, there was a subgroup of children with DCD who displayed an atypical 
response pattern; this pattern was attributed to a reduced ability to utilise motor 
imagery.  The results of Study 1 were not conclusive, however, with almost two-thirds 
of the DCD group performing typically.  This was argued to be the result of some 
children in the DCD group using an alternative object-based technique to overcome 
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their hypothesized motor imagery deficit.  Study 2 was thus designed to explore 
whether children with DCD were able to, firstly, perform a hand rotation task when 
constraints were introduced that reduced their ability to utilize alternative techniques, 
and secondly, whether simple imagery instructions would impact upon their 
performance patterns.   
To achieve these aims, a number of changes were made to the hand task in 
Study 2 when compared to Study 1.  Firstly, Study 2 used a single-hand task, rather 
than the double-hand task from Study 1, a decision which was based on the previously 
discussed findings of Zacks and colleagues (Zacks et al., 2003; Zacks, Ollinger et al., 
2002).  There were also changes to the presentation of the stimulus when compared to 
the Wilson et al. (2004) study, with only back views of the hands appearing here.  In 
addition, the actual hands of the children were covered by a towel when performing 
the tasks, to remove the possible reference frame that their own hands might provide.  
Finally, a second version of the task was introduced, where the children were 
provided with simple imagery instructions before performing the task.   
It was expected that the DCD group would display atypical performance 
patterns on the hand task without instructions and, further, that whilst the control 
group would benefit from imagery instructions when they were introduced, the DCD 
group would show minimal change.  It was also expected that the DCD group would 
show a reduced ability to perform the whole-body task, compared to controls.  
Finally, there were no group differences expected in the alphanumeric task. The 
results of each task are discussed in turn, and then integrated in general discussion.  
 
Chapter Three   Study Two 
 
 - 109 -  
Hand Task    
As mentioned above, it was expected that the DCD group would display 
atypical performance patterns in the HR-NI.  However, the presence of linear RT 
functions for both the DCD and control groups suggests that some form of mental 
rotation was occurring for both groups here in Study 2.    Also, although the DCD 
group did have a significantly lower value for intercept, the difference between the 
groups for slope fell just short of significance.  There were also no significant 
differences in accuracy.  Taken together, this indicates that there was not strong 
statistical support for the first hypothesis of Study 2.   
Similarly, Study 1 failed to find overall group differences in either RT or 
accuracy, though it is somewhat difficult to draw close comparisons given the 
different versions of the hand task in each case.  Wilson and colleagues (2004), 
however, used a similar hand task to that used in Study 2.  They found children with 
DCD showed an atypical RT pattern, which was manifest in terms of a significantly 
reduced slope, compared to age-matched controls.  In Study 2 here, the slope for the 
DCD group was also smaller than controls, though this fell just short of statistical 
significance.   
The two studies were also similar in that in neither the study by Wilson and 
colleagues (2004) nor Study 2 were there significant differences in response accuracy 
between the groups.  However, other aspects of the present results departed noticeably 
from those of Wilson et al.  In that study, the DCD group tended to respond faster at 
larger angles, whereas in Study 2 there were no significant effects involving group; 
though the DCD group did appear to respond faster at 180° (see Figure 3.4a), this was 
not significant.  Also, the values for slope were less for both groups in the Wilson et 
al. study than in Study 2; in the Wilson et al. study, slope for the DCD group was 0.9 
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and 3.6 for controls, whereas in Study 2, slope was 7.0 for the DCD group and 11.2 
for controls.   
These differences in the RT function may be the result of changes to task 
constraints in Study 2.  Participants in the current study had longer to respond than 
they had in the Wilson et al. study or in Study 1 (up to 10 s, compared for 5 s for the 
earlier studies), permitting greater response variability.  Having longer to respond 
might also change the approach used by participants – for example, if a child has 
difficulty performing an imagined rotation, having the extra time might allow them to 
successfully perform the rotation, rather than feeling pressured by time and perhaps 
making a guess.  Also, participants’ hands were covered here in Study 2 to prevent 
them looking at their own hands to complete the comparison.  In doing so, a solid 
reference frame that could be used for comparison was taken away; again, this may 
have altered the task approach of some participants, prompting them to generate a 
mental transformation without any possible (visual) reference to actual hand 
orientation.  Finally, the Wilson et al. study presented hands in both back and palm 
views, but only the back view was presented to participants in Study 2.  The reason 
for this was discussed earlier in the Introduction to this chapter, but briefly, previous 
studies have shown that different response patterns might be generated when the 
hands were presented in palm view, as opposed to back view (Parsons, 1987b, 1994).  
Hence, this change was implemented to ensure consistent results that enabled valid 
conclusions to be drawn.    
The results described above, when considered alone, are not supportive of the 
IMD hypothesis.  However, when considered together with the results of the HR-I 
(discussed below), there is some support for the view that children with DCD 
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experience some difficulty completing the imagined transformations from an internal 
(or egocentric) perspective, ala true motor imagery. 
The purpose of the explicit imagery instructions was to encourage the children 
to adopt a first-person perspective when completing the hand task, thereby reducing 
the likelihood of other (object-based) strategies being used.  When we look at the 
results of the HR-I, it is evident that the instructions had little impact on the RTs of 
either group.  For both groups, the regression estimates were similar when compared 
to the HR-NI, with the exception of intercept for the DCD group.  Further, ANOVA 
revealed no effect for group and no interaction in the hand task with instructions.  
However, the apparent absence of change in RT patterns for either group does not 
necessarily mean that the imagery instructions had no impact on performance.  Again, 
research has shown that for stimuli depicting the back of hands, RT patterns closely 
resemble the traditional mental rotation pattern (Parsons, 1987, 1994); indeed, it may 
be difficult to differentiate the type of performance strategy used based on RT alone 
because a visual (or object-based) strategy can result in a similar RT profile to that 
seen when using motor imagery.  Instead, one must also look at performance 
accuracy. 
There was a striking difference in accuracy between the two groups when 
specific imagery instructions were introduced.  In the HR-I, the control group was 
now significantly more accurate than the DCD group, demonstrating a marked 
improvement in their accuracy without sacrificing RT.  This was confirmed by the 
results of the paired-samples t-tests, which demonstrated that the mean accuracy 
across angles increased significantly for controls, but no such increase was evident for 
the DCD group.  Hence, although the DCD group showed a typical RT function on 
this task (similar to that in the hand task without instructions), they were unable to 
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utilise the imagery instructions to improve their task accuracy, unlike controls.  The 
lack of improvement in the DCD group indicates that they continued to use the same 
strategy as that used in the hand task without instructions, and thereby supports the 
second hypothesis of Study 2, namely that the imagery instructions would benefit the 
control group, but would produce little change in the response patterns of the DCD 
group. 
Previous studies using the VGPT have shown that children with DCD do not 
adapt movement simulation to the physical constraints of the task (Maruff et al., 1999; 
P. H. Wilson et al., 2001).  That is, their motor imagery performance was atypical.  
Given this, it was expected that children with DCD would also perform atypically on 
a single-hand rotation task, shown to enlist the use of motor imagery.  This atypical 
performance was expected to be evident in RT and/or accuracy.  In the hand HR-NI 
however, the DCD group did not perform significantly different from control children 
on RT or accuracy.  So if, as previous research indicates, a motor imagery deficit does 
exist in children with DCD, the DCD group in the current study must have used an 
alternative strategy to complete the task as accurately as controls.  Despite the use of 
task alterations that are known to elicit motor imagery, these children may still have 
relied on a form of visual imagery to solve the task.  Then, when imagery instructions 
were introduced, the DCD group was unable to make use of the instructions, 
continuing on instead with their alternative strategy.  This could explain the lack of 
visible change from the hand task without instructions to the hand task with 
instructions.  On the other hand, earlier work shows that normally developing children 
are able to accurately utilise motor imagery (Maruff et al., 1999; P. H. Wilson et al., 
2001).  This was supported by their pattern of results here, where control children 
were able to utilize motor imagery instructions to effectively improve their accuracy.   
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One alternative explanation for the performance of controls is that they might 
have used a similar approach to the DCD group in the HR-NI, and then enhanced their 
performance by switching to motor imagery following the provision of instructions.  
Conversely, both groups might have attempted to use motor imagery to complete the 
HR-NI, achieving moderate levels of success in doing so.  With the introduction of 
imagery instructions, the controls were able to utilise those instructions to refine their 
performance, whereas their age-matched peers in the DCD group were not able to 
improve.   
Another possibility concerns practice effects.  It could be argued that there 
was a practice effect when participants completed the HR-I, as they had previously 
completed the same task without specific instructions.  The improved performance of 
the controls could thus be attributed to practice, with this group able to benefit more 
from the previous task than the DCD group.  This seems unlikely however, as steps 
were taken to overcome practice effects.  The tasks were completed in separate 
blocks, with the Movement ABC completed in between, providing about 30 minutes 
between tasks.  Also, because multiple tasks were used in this study, there were fewer 
trials (40) per task compared with similar studies, including Wilson et al. (2004) who 
presented 80 trials.  Short-term practice effects are not considered an issue in hand 
rotation studies that employ large numbers of trials (such as Parsons, 1994); results 
are rarely analysed in blocks.  Using alphanumeric characters, Kail and Park (1990) 
found that after large amounts of practice, the performance of children became 
significantly faster and more accurate. Figure 3.2 shows that there was no such effect 
for RT in the present study.  While no comparable learning study has been conducted 
using hand stimuli, it is unlikely that practice contributed to differences between HR-
NI and HR-I conditions.     
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In summary, it would appear that the control group was able to successfully 
utilise motor imagery instructions to improve their performance, while the DCD 
group was not.  That is, though the DCD group appeared to use mental rotation, and 
may indeed have attempted to use motor imagery, they were unable to perform as 
accurately as an age-matched control group.  It is expected that this deficit is due to a 
reduction in the DCD group’s ability to perform imagined transformations from an 
internal perspective, consistent with the IMD hypothesis. 
 
Whole-Body Task    
For the whole-body task, the DCD group was consistently faster in responding 
across all angles, a trend that approached significance.  The RT trade-off was similar 
for both groups, but there was a strong group difference in accuracy.  The control 
group was significantly more accurate than the DCD group at 4 of the 5 angles (with 
90° the only exception).  So, the DCD group was somewhat faster but less accurate 
than controls, suggesting a speed-accuracy trade-off.  This may be accounted for by 
higher task complexity for whole-body rotation.  The accuracy for both groups in this 
task was far below that in either the hand or alphanumeric rotation tasks: around 70 % 
for controls and at chance levels for the DCD group.  It is likely that children in the 
DCD group emphasised speed of responding in order to demonstrate competence 
because they found the required imagined transformations too difficult.  
Both groups did show a linear RT function for the whole-body task—an 
increase in RT with angle (Figure 3.6).  Adult data, on the other hand, shows little 
evidence of such a trend (Zacks et al., 2003; Zacks, Mires et al., 2002; Zacks, Ollinger 
et al., 2002).  Studies by Zacks and his colleagues have shown a negligible correlation 
between angle and RT, r = -0.18 (Zacks, Ollinger et al., 2002) and 0.17 (Zacks et al., 
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2003).  This compares to r
2 
values of .39 for the DCD group and .41 for controls in 
the current study (equating to Pearson’s r values of .62 and .64 respectively).  This 
indicates that participants in the current study may have been rotating the figure in the 
frontal plane, before making an imagined transformation of their own body.   
Parsons (1987a) discusses the use of different strategies in his study of whole-
body transformations.  His adult participants indicated that they performed 
transformations of their own body to compare it to an external stimulus (that on the 
screen).  It was argued that this strategy would be more efficient than imagining the 
rotation of the stimulus as it requires the internal representation of only one entity, 
one’s own body.  Rotating the stimulus to the upright position and comparing that to 
the representation of one’s own body is more complex; it requires the imagined 
stimulus to be maintained in an upright position in the mind while an egocentric 
transformation of one’s own body occurs for comparison.  As this strategy involves 
rotation of the stimulus in the frontal plane, we would expect some form of RT trade-
off to occur and given this strategy is believed to be more complex, we would also 
expect some decrease in accuracy.   
There is some anecdotal evidence for this strategy in the present study: when 
asked how they solved this task, some children described the process of rotating the 
stimulus to the upright and then imagining themselves in that position.  In the study 
presented here, the control group was approximately 500-1000ms slower to respond 
on the whole-body task across all angles, a trend that neared significance, and were 
more accurate than DCD participants.  The longer response time of controls may 
reflect either a greater emphasis on accuracy or additional time taken to perform the 
imagined transformation of their own bodies around the vertical axis.  That is, both 
groups were rotating the figure to the upright, but the control group then made an 
Chapter Three   Study Two 
 
 - 116 -  
additional imagined transformation of themselves; the DCD group may have found 
this final transformation difficult, and instead guessed which hand was outstretched.  
This is a plausible explanation given that accuracy of the DCD group was largely at 
chance levels, and that accuracy for both groups was affected very little by changes in 
angle.  Why children appear to prefer this strategy to that of a direct egocentric 
transformation of their own body is unclear; the task has not been used previously 
with children, but perhaps its complexity, in requiring an imagined transformation of 
the whole body, rather than just a single limb, may have had some impact upon the 
choice of strategy for both groups.   
Taken together, the response pattern of the DCD group is likely due to a 
reduced ability to perform the final egocentric transformation which probably reflects 
a more general difficulty representing their position in ego-centred space (P. H. 
Wilson, 2005).  Larkin and Hoare (1991) have also commented on the difficulty 
children with DCD have interacting with their physical environment.  As discussed in 
the Introduction to this chapter, being able to imagine oneself in the position of others 
is an important aspect of motor learning through modelling.  Larkin and Hoare (1991) 
have commented that children with DCD appear not to learn as readily through 
observation of their peers or role models, and suggest that these children often require 
instructors to physically place their body parts in appropriate positions or shape the 
movement for them so that they can become familiar with the kinaesthetic 
requirements of different tasks.  This observed difficulty with observational learning 
is supported by the results of the whole-body task, which indicate that children with 
DCD have difficulty accurately taking on the perspective of others.  
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Alphanumeric Task     
The RT pattern demonstrated by both the DCD and control groups showed a 
typical mental rotation pattern, similar to that found in previous studies of normal 
development using alphanumeric tasks (Harris et al., 2000; Harris & Miniussi, 2003; 
Kail, 1985; Kail et al., 1980).  There were no differences between the groups for RT 
or accuracy, indicating that Study 2, the DCD group had no difficulty performing 
mental rotation when the task did not involve a motor component.  This is an 
important finding in terms of the IMD hypothesis, as a general deficit on mental 
rotation tasks needed to be excluded before one could argue that children with DCD 
were impaired in their ability to perform hand rotation tasks.   
 
Small n Subgroup  Comparisons 
Another interesting finding presented briefly in the Results section was the 
varying performance patterns displayed by participants having either severe or mild 
motor coordination problems.  The results, shown in Figure 3.10, indicated a trend 
where children with more severe motor difficulties were impaired on the motor 
imagery tasks to a greater extent than those with mild motor difficulties.  There was 
some support for this trend from the non-parametric analysis.  Although the severe 
and mild DCD subgroups did not differ significantly based on the adjusted α levels, 
the difference was below the commonly used level of .05.  Further, the DCD-severe 
subgroup differed significantly from the control group, but the DCD-mild subgroup 
did not.   
This is an intriguing trend given that a number of the studies which have 
examined the IMD hypothesis in children with DCD have identified children within 
the DCD groups who have not performed atypically on motor imagery tasks.  For 
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example, in Study 1, there was a subgroup of children with DCD who described 
mental rotation as their chosen strategy, and who displayed typical RT patterns and 
adequate levels of accuracy.  Further, in Wilson et al.’s (2001) study involving the 
VGPT, there were participants in the DCD group who did conform strongly to Fitts’ 
law, with similar values to those of controls.  However, no studies have reported on 
the severity of motor impairment in children with DCD who do perform typically on 
these tasks.  Based on the preliminary findings here, it might be that those children 
who appear to perform typically on motor imagery tasks might not be suffering with 
severe levels of DCD.  If such a link between levels of motor imagery and motor 
impairment does exist, it may go someway to explaining the mixed results found in a 
number of studies, including those in Studies 1 and 2 of this thesis.  This will be 
discussed further in the General Discussion below. 
 
General Discussion     
The results of Study 2 demonstrated that children with DCD were able to 
perform a hand rotation task as well as controls when no specific imagery instructions 
were provided.  When motor imagery instructions were introduced, the controls were 
able to use these instructions to enhance their accuracy, whilst the DCD group were 
not.  This benefit for the control group occurred without sacrificing RT, with no 
difference for this measure between the DCD and control groups in either hand task.  
In another task which gave specific motor imagery instructions and which required 
egocentric body transformations, children with DCD were impaired in their ability to 
accurately judge which arm the figure was holding up when compared to the controls.  
However, no differences were found in the alphanumeric task, a task involving visual 
imagery without any motor component.  Thus, compared to the controls, the DCD 
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group were less accurate on tasks of motor imagery, but had no difficulty with a 
visual imagery task.  These results, though not conclusive, suggest that children with 
DCD have an underlying inability to accurately generate internal representations of 
body movements, which might be reflective of a deficit in the ability to generate 
and/or monitor forward models of motor control.   
The results discussed above are not conclusive in their support for a motor 
imagery deficit in children with DCD because in the hand task without instructions, 
children with DCD were as successful, in terms of accuracy, as controls, and did not 
show a significantly different RT pattern.  The difficulty for the DCD group in 
regards to the hand task then, was not in performing the task to a reasonable level of 
accuracy, but in effectively utilising the motor imagery instructions to improve their 
accuracy in the hand task with instructions.  The question this raises then is whether 
or not this reduced ability to utilise the imagery instructions is indicative of motor 
imagery impairment or not. 
Earlier in this discussion, when the results of the hand task were considered, a 
number of possible explanations regarding technique were provided to account for the 
improvement in accuracy of the controls compared to the DCD group.  These 
included that both groups used visual imagery in the first task, with the controls then 
swapping to motor imagery after the instructions and hence their improvement, but 
the DCD group were unable to do the same; or that both groups used motor imagery 
with reasonable success in the first task, but then only the controls were able to use 
the instructions to improve their performance.  As with Study 1, without 
neuroimaging, it is difficult to know what technique the children were using.  Based 
on previous findings, it is unlikely that the children in the DCD group were able to 
utilise motor imagery as successfully as the controls (Maruff et al., 1999; P. H. 
Chapter Three   Study Two 
 
 - 120 -  
Wilson et al., 2001).  However, if the children with DCD were able to use motor 
imagery in the first instance to obtain reasonable levels of accuracy (78.38% 
compared with 83.97% for controls, averaged across angles), why were they unable to 
then make effective use of the imagery instructions to show improvement in their 
accuracy in the HR-I, similar to their age-matched peers in the control group?  This 
lack of improvement after receiving the motor imagery instructions indicates that it is 
unlikely that the DCD group were enlisting motor imagery in the first instance.  If 
they were, their lack of improvement indicates that either they did not understand the 
motor imagery instructions, or they chose to ignore them.  Both of these options seem 
unlikely.  Firstly, all participants received the same instructions – the task was 
explained carefully, using visual prompts, and any children who appeared to need 
clarification were given this.  Also, the groups did not differ in age.  It does not seem 
probable, therefore, that the DCD group, as a whole, would have difficulty 
understanding the instructions, when the control group, as a whole, did not.  In the 
same vain, it is not likely that the DCD group, as a whole, chose to disregard the 
instructions, when the control group did not, unless this was because they were unable 
to implement them due to a deficit in motor imagery ability.  Given this, it appears 
that the inability of the DCD group to utilise the motor imagery instructions to 
improve their performance is indicative of a motor imagery deficit.  This is 
particularly the case when combined with the whole-body task data, where the DCD 
group were unable to accurately perform imagined transformations of their bodies to 
determine which arm was being held out by the figure on the screen. 
In neither Study 1, nor 2, have strong overall group differences been found.  In 
both studies, there have been tasks where the DCD group, or a subgroup of the DCD 
group, have differed significantly from controls, but these results have been 
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moderated by non-significant findings in other tasks.  This inconsistency has made the 
results often difficult to interpret.  However, the small n comparisons made here in 
Study 2 may shed some light on the inconsistent nature of the findings so far.  In both 
Studies 1 and 2 of this thesis, and also previously in Wilson and colleagues mental 
rotation study (P. H. Wilson et al., 2004), the DCD groups consisted of children 
scoring below the 15
th
 percentile on the Movement ABC.  However, the small n 
comparison presented in the results section of this chapter suggests that the 
performance of children scoring below the 5
th
 percentile on the Movement ABC 
might be very different from that of children scoring between the 6
th
 and 15
th
 
percentiles.  Combining these two subgroups of children could therefore increase the 
variability of the DCD group as a whole and possibly mask significant findings.  The 
identification of this trend is an important finding that should be explored further.  To 
do so, a larger study should be conducted using the same tasks as those used in here in 
Study 2.  The sample should include larger and equal numbers of DCD-severe, DCD-
mild and control participants to enable the effect of the level of motor impairment on 
one’s ability to accurately utilise motor imagery. 
Another interesting avenue for further research would be to determine whether 
children with particular forms of motor impairment are more affected than others by 
an internal modelling deficit.  For example, we need to determine whether children 
with DCD who do appear to be affected by an internal modelling deficit are more 
affected in either their fine or gross motor skills.  Or are both areas equally affected?  
Also, if children’s motor skills are profiled, do these deficits map onto action-specific 
deficits in the use of motor imagery.  If this was the case, and ability profiles were 
associated with particular forms of motor imagery deficit, it would enable 
practitioners to tailor different forms of intervention to the individual child.   
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Summary of Study 2 
 In summary, Study 2 did not find conclusive evidence for a general inability in 
children with DCD to use motor imagery; instead, it found that in particular 
circumstances, they were unable to perform motor imagery tasks as accurately as 
controls.  This was evident in the HR-I and the whole-body task.  As in Study 1, there 
were no group differences on a visual imagery task.  Further, there was a suggestion 
that the level of motor impairment within the DCD group might impact upon the level 
of imagery deficit, as demonstrated using the hand task with instructions through non-
parametric tests.  As with Study 1, this meant that there was evidence that a subgroup 
of the DCD group were performing somewhat differently from the other children with 
DCD.  In Chapter 4, a study will be presented which aimed to further examine the 
subgroup issue by exploring the impact of motor impairment severity on motor 
imagery ability and also, whether the motor imagery deficits might be task-specific, 
and if so, how this might impact on a child’s motor impairment profile. 
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CHAPTER 4 
STUDY 3:  THE LINK BETWEEN THE SEVERITY OF MOTOR IMAGERY 
DEFICITS AND LEVELS OF MOTOR IMPAIRMENT. 
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Introduction and Overview 
 
 In Chapter 3, it was found that although a group of children with DCD were 
able to complete a single-hand rotation task as well as controls when no specific 
instructions were provided, they were unable to utilise imagery instructions to 
improve their performance.  Further, this group of children with DCD was impaired in 
their ability to accurately perform whole-body transformations when compared to 
controls.  There were no group differences on a visual imagery task (alphanumeric 
mental rotation).  It was also suggested that there might be a link between the level of 
motor impairment and the ability to utilise motor imagery, as evidenced by the 
outcome of non-parametric tests on the accuracy results for the hand task with 
instructions.  As with Study 1, there were again subgroups within the DCD group 
whose performance was somewhat different.   
Previously mentioned throughout this thesis is the fact that although previous 
studies exploring motor imagery in children with DCD have often found overall group 
differences between DCD and control groups, there have been subgroups of children 
with DCD who were not performing atypically (e.g. P. H. Wilson et al., 2001).  It has 
been assumed that these children did not have an impairment in their ability to 
internally represent movements and that their motor difficulties must stem from some 
other underlying cause.  However, there might be other explanations for this lack of 
any obvious deficit.  Firstly, if motor impairment is a reflection of impairment to 
internal modelling processes, it is likely that a child with less severe motor 
impairment might also be less impaired in terms of internal modelling and motor 
imagery.  Given this, some motor imagery tasks might not be demanding enough for 
these children and hence, they appear to perform typically.  Secondly, motor imagery 
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deficits might be task specific in some children, relative to the constraints and neural 
activations of the task, and hence are not identified by every imagery task.  Study 3 
aimed to explore these possibilities, each of which is discussed in more depth in the 
coming paragraphs. 
 
Severity of Motor Impairment 
 In study 2, a small n comparison was presented that demonstrated that the 
children with severe motor impairment, who scored on or below the 5
th
 percentile of 
the Movement ABC, had a distinctly different response accuracy pattern to children 
with mild motor impairment, who scored between the 6
th
 and 15
th
 percentiles.  Using 
non-parametric statistics due to the small and unequal group sizes, it was shown that 
the DCD-severe group differed significantly from controls, but the DCD-mild group 
did not.  Similar trends were observed in the other tasks, though these were not 
presented in Study 2.  These findings indicate that some children might have a more 
significant impairment in their motor imagery ability than others.  Further, given that 
this is believed to be reflective of a child’s internal modelling ability, and internal 
modelling is an important part of motor control, it then makes sense that those 
children who are more impaired in terms of motor imagery, would also be more 
impaired in their motor skills.  Published studies have so far failed to examine this 
issue.  Hence, the first aim of Study 3 was to determine whether such a link between 
motor imagery ability and motor impairment levels does exist, using a larger sample 
of children, separated into three groups – those with severe DCD (DCD-S), scoring on 
or below the 5
th
 percentile of the Movement ABC, those with mild DCD (DCD-M), 
falling between the 6
th
 and 15
th
 percentiles, and those acting as controls, scoring 
above the 20
th
 percentile. 
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Specificity of Motor Imagery Deficits 
 Motor imagery tasks, although all essentially testing the same thing, can vary 
greatly.  Tasks may have high spatio-temporal constraints, such as the VGPT, which 
is based around speed-accuracy trade-offs, or they might have low spatio-temporal 
constraints, such as a repetitive sit-to-stand task.  Some tasks might have an accuracy 
component, whereas others do not.  They might require the imagining of simple motor 
movements or more complex, awkward movements.  Or they might require the mental 
transformation of only a distal limb, as opposed to the entire body.  Indeed, in a recent 
review of the varieties of mental rotation tasks, Lawrence Parsons (2003) highlighted 
how imagined transformations of the whole-body appear to activate the left parietal 
and temporal cortices, whereas imagined transformations of one’s hand activate, in 
addition to those areas already mentioned, somato-motor and temporal cortical areas.   
 Despite this, Study 2 was the first study to have used more than one motor 
imagery task in a single sample of children with DCD.  In that study, the motor 
imagery deficit in the DCD group was more pronounced in the whole-body task than 
in the hand task.  This might have been because the task was more complex, in that it 
required a transformation of the children’s whole-body and their perspective, and not 
just of their hand.  Alternatively, it might have been because there were a fewer 
number of children with DCD who were impaired on one particular type of motor 
imagery (hand rotation), but there were greater numbers impaired on another task 
(whole-body rotation).  It is unclear whether this type of specificity can actually exist 
in motor imagery; can motor imagery deficits be task specific or is motor imagery a 
generalised ability that is apparent across tasks? 
 A similar debate regarding motor ability has been in existence for many years.  
Many researchers have attempted to determine whether motor ability is task (or skill) 
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specific, or if in fact a general motor ability (GMA), be it good or poor, underlies all 
motor skills.  It is argued that if a GMA was to exist, there should be high correlations 
between individuals’ performance across a broad range of motor tasks.  Researchers 
such as Franklin Henry have spent many years arguing that as this is more often not 
the case, the notion of a GMA is not supported (e.g. Henry, 1958).  This view is 
generally accepted in many highly regarded texts in motor control and learning (e.g. 
Magill, 1998; Schmidt & Lee, 2005).  Other authors argue that the expected level of 
common variance between tasks in studies of GMA are too high, and if lowered to a 
value similar to that used in studies of general intelligence, there is in fact evidence in 
support of a GMA (Burton & Rodgerson, 2001).  The actual structure of motor skills 
and motor abilities is likely to be a matter of ongoing debate that is difficult to 
resolve.  For example, the large number and range of motor skills makes it hard to 
ascertain how many skills need to correlate to provide support for a GMA. 
 In terms of motor imagery, it would be interesting to explore whether or not 
general motor imagery ability exists, or if in fact motor imagery can be task specific.  
The use of the whole-body and hand imagery tasks allows the exploration of motor 
imagery specificity at a basic level.  If motor imagery performance can be task 
specific, another intriguing aspect of this area is whether or not motor impairments are 
then specific to motor imagery impairments.  For example, if a child is impaired on 
the hand task, but not the whole-body task, will their motor impairments be restricted 
to motor skills involving the hands (such as manual dexterity tasks), with their 
performance on whole-body, multi-segment tasks within the typical range?   
As is commonly accepted, there is a great deal of heterogeneity in the 
presentation of DCD (S. E. Henderson & Sugden, 1992).  So if a child is 
predominately impaired in their fine motor skills, it is vital for practitioners that 
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researchers establish whether an imagery training program, put into place to help the 
child, should focus solely on imagery training of fine motor movements, or if a 
general motor imagery training protocol is required.  To examine this issue, children 
would need to be classified according to the type of imagery deficit displayed and 
have their motor performance profiled to determine if any link existed between their 
motor imagery impairment and motor deficits.   
 Building a Motor Performance Profile.   The Movement ABC, as a whole, 
was not an appropriate tool to build the required motor profiles for two reasons.  
Firstly, children assessed in Study 3 were aged between 7 and 11 years.  As such, 
three separate age bands of the Movement ABC were used, with most tasks not 
directly comparable across bands.  Secondly, many of the tasks in the Movement 
ABC have ceiling effects, being that it is a test of motor impairment, not ability. 
 As such, there was a need to find a number of motor tasks, both fine and gross 
motor, which would allow appropriate performance profiles to be built.  Tasks were 
selected against a number of criteria: (a) suitability for children aged between 7 and 
11 years; (b) normative data which showed developmental changes in task 
performance; (c) ability to differentiate between DCD and control groups; (d) 
continuous outcome scores without floor and ceiling effects and; (e) quick and easy 
administration.   
Tasks were canvassed from a number of different sources.  These included 
motor assessment batteries, such as the Movement ABC and the McCarron 
Assessment of Neuromuscular Development (McCarron, 1997), published studies 
using various motor tasks (e.g. Raynor, 2001), the Australian Health and Fitness 
Survey 1985 (Pyke, 1987) and physical fitness evaluation/assessment texts (e.g. 
Jeanes, 1977).  From these sources, and based on the criteria described above, seven 
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tasks were selected – two fine motor tasks, one ball skills task, two balance tasks and 
two whole body (multi-segment) tasks.  Details of these tasks can be found in the 
Method.   
 
In summary, Study 3 had two major aims.  Firstly, the study aimed to 
determine whether there was a link between level of motor impairment and motor 
imagery ability.  Based on the results of the small n comparisons in Study 2, it was 
expected that children in the DCD-S group would exhibit greater levels of impairment 
in their ability to perform motor imagery tasks.  This might be evident in terms of an 
atypical RT pattern or decreased accuracy.  It was further expected that children in the 
DCD-M group would also be impaired in their ability to perform motor imagery tasks 
when compared to controls, but that this impairment would not be as great as for those 
children in the DCD-S group.   
The second aim of the study was to ascertain whether motor imagery deficits 
could be task-specific, and if so, if these task-specific deficits are reflected in a child’s 
motor performance profile.  Adopting Henry’s specificity of motor skills approach, it 
was expected that there would be children in Study 3 who were impaired in only one 
motor imagery task, whilst being able to perform the other adequately.  There were 
also likely to be children impaired in both tasks and also those who were not impaired 
at all.  Further, if as expected, motor imagery deficits were found to be task specific, it 
was hypothesised that children who were impaired in the hand rotation task only 
would show their greatest motor skill deficits in fine motor skills.  Alternatively, those 
who were impaired only in their ability to perform the whole-body task would show 
their greatest motor skill deficits in whole-body motor tasks, such as running and 
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jumping.  Finally, those who were impaired in both motor imagery tasks would show 
general motor deficits across a broad range of motor skills. 
 
Methodology 
 
Participants 
The initial sample for the third study consisted of 111 children between the 
ages of 7 and 11 years.  Of these children, 26 had participated in Study 2 twelve 
months prior.  The remaining children were recruited through local primary schools 
after approval was granted from the RMIT University HREC and the Victorian 
Department of Education and Training.  The approach letter to parents and the 
consent form can be found in Appendix D.   
Children were selected using the same method as that used in Studies 1 and 2.  
Teachers from two local primary schools, one of which had participated in a study 
conducted 12 months earlier, identified children in grades 2-6 whose motor 
coordination they believed to be below an age-appropriate level.  These children were 
then assessed using the Movement ABC (Henderson & Sugden, 1992).  Children were 
considered to have DCD if their performance fell below the 15
th
 percentile on the 
Movement ABC and no known neurological or physical pathology was present.  
These children were then separated into two separate groups - the DCD severe (DCD-
S) group (scoring on or below the 5
th
 percentile of the Movement ABC) and the DCD 
mild (DCD-M) group (scoring between the 6
th
 and 15
th
 percentiles).  Teachers also 
identified children whom they believed had age-appropriate motor skills.  These 
children formed the control group if they scored above the 20
th
 percentile on the 
Movement ABC.  Children were excluded from analysis if they scored between the 
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16
th
 and 20
th
 percentiles.  Five children were excluded on this basis.  A further five 
children were excluded given that they were identified by their teachers as having 
possible movement difficulties, but when assessed, scored above the 20
th
 percentile on 
the Movement ABC.   
This gave a total of 100 participants – 21 in the DCD-S group, 25 in the DCD-
M group and 54 controls.  According to Howell (1982), researchers should aim to 
keep sample sizes as even as possible if it is expected that the assumptions of 
ANOVA will be violated.  Accordingly, to ensure even group sizes, 21 participants, 
age-matched to the DCD-S group, were randomly drawn from both the DCD-M and 
control groups.  Of the final sample of 63 participants, 14 had participated previously 
in Study 2.  Of the 14 participants, three were in the DCD-S group, five were in the 
DCD-M group and six were in the control group. All had maintained the same 
coordination status over the 12 months.   
The DCD-S group was made up of 9 males and 12 females, with a mean age 
of 9.4 years (SD = 0.7) and a mean Movement ABC TMIS of 17.8 (SD = 4.0), giving a 
mean Movement ABC percentile rank of 2.5 (SD = 1.8).   The DCD-M group was 
made up of 14 males and 7 females, with a mean age of 9.8 years (SD = 1.0) and a 
mean Movement ABC TMIS of 11.3 (SD = 0.9), giving a mean Movement ABC 
percentile rank of 10.0 (SD = 3.6).  The control group was made up of 9 males and 12 
females, with a mean age of 9.4 years (SD = 1.3) and a mean Movement ABC TMIS 
of 3.0 (SD = 2.3), giving a mean Movement ABC percentile rank of 65.9 (SD = 23.8).    
Results of a single factor, between subjects ANOVA revealed no significant age 
difference between the groups, F(2, 60) = 0.96, p = .39, η2 = .03.  By definition, 
ANOVA revealed a significant difference between the groups on the Movement ABC 
TMIS, F(2, 60) = 155.58, p < .001, η2 = .84.  Subsequent post-hoc tests using Tukey’s 
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HSD procedure (α = .05) revealed significant differences at p < .001 between all 
possible pairwise comparisons among the groups. 
Test Apparatus 
Motor Imagery Tasks.   The motor imagery tasks used in the current 
study (hand task with and without instructions and whole-body) were the same as 
those described in Study 2.  This meant that participants again completed the hand 
task on two occasions – the first time without imagery instructions (HR-NI) and then 
secondly with imagery instructions (HR-I).  The two versions of the hand task were 
again used because in Study 2, the differences in performance between the DCD and 
control groups centred around their different responses to the specific imagery 
instructions.  In keeping both tasks for Study 3, it could be determined whether the 
DCD-S and DCD-M groups also differ in the way they respond to simple, specific 
motor imagery instructions.   
Given that both Studies 1 and 2 had shown that there were no differences in 
performance between the controls and DCD group on the alphanumeric (or visual 
imagery) task, it was decided that the aims of Study 3 would not be compromised if 
this task was removed from the test battery.  This also reduced the time required to 
administer the test battery, which had increased somewhat with the introduction of the 
additional motor tasks.  
 All other task parameters remained the same as in Study 2 – stimuli were 
presented in 45° increments, participant’s hands remained covered by a towel during 
the administration of the imagery tasks, stimuli remained on the screen for up to 10 s 
and participants completed 5 practice trials, followed by 40 test trials, for each task. 
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Procedure 
Motor Imagery Tasks.   The procedure for both the hand and whole-
body tasks in the current study followed those used in Study 2.  The only additional 
component was the addition of an interview at the completion of each task, similar to 
that used in the first study.  Unlike the first study however, this was not for statistical 
analysis, but only to provide some insight into the techniques favoured by each of the 
groups.   After each task, participants were asked “How were you able to tell if the 
hand was a left or a right hand?” or “How were you able to tell if the man was holding 
out his left or right arm?”  Their responses were recorded verbatim in writing for later 
classification. 
Additional Motor Tasks.   All participants completed the following series 
of additional motor tasks, with task order randomised across participants.  Normative 
data for these tasks, where available, can be found in Appendix C.  
Tracing Task.  This manual dexterity task assessed participant’s fine motor control.  
All participants completed the same tracing task for their Movement ABC 
assessments, where their raw scores were converted into scaled scores.  For the 
purpose of building a performance profile however, the scoring system was adapted to 
provide greater variation in the distribution of scores.  Raw scores were used based on 
the following scoring system – participants scored 1 point for each time their tracing 
touched the picture outline and 2 points for each time their tracing line clearly went 
outside of the picture outline.  These scores were summed together to give an overall 
tracing value.  As part of the administration of the Movement ABC, some children 
were given a second attempt at the task.  This did not occur for all children and to 
maintain consistency across participants, the first task attempt was always used for 
analysis. 
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Pegboard Task.  For the purpose of the Movement ABC assessment, all participants 
in the current study completed a pegboard task, assessing fine motor control.  The 
specifications of the task vary across the different age bands, but for the purpose of 
the performance profile, all participants completed the pegboard task from Age Band 
3 – ‘shifting pegs by rows’.  This task requires participants to shift small pegs across 
the pegboard one by one, as quickly as possible.  Children completing the Age Band 3 
assessment completed the task as per usual, while children completing Age Bands 2 
and 4 attempted this pegboard task in addition to the appropriate task for their age 
band.  Simple pegboard tasks of this type are widely regarded as a good index of fine-
motor development over childhood (e.g. Hoare, 1994).  More complex tasks involving 
peg turning were deemed too difficult for younger children.  All participants 
completed the task twice with each hand, with the time taken to complete each trial 
summed together.  Thus, raw scores were used in the profile, rather than the scaled 
scores used in the Movement ABC.   
Sprint.  Participants were asked to run as fast as they could between two coloured 
cones, laid out 35 yards (approximately 32 metres) apart, on a grass area, usually the 
school oval.  This task was completed once by each participant, with the time taken to 
complete the run recorded.  A distance of 35 yards was chosen here as it had been 
used previously in the United States of America and provided normative data, similar 
to that seen in the Australian data for the 50m sprint.  
Throw for Distance.  This task assessed participant’s ball skills and upper body 
strength.  Participants were asked to stand beside a marker laid out on the school oval 
and throw a full-sized, soft-leather cricket ball as far as they could using an over-arm 
throwing technique.  They were encouraged to use an overhand throw and to stand 
side-on, with one foot behind the other.  Participants were not allowed to take a run-
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up or step before they threw the ball, but were allowed to lift their rear leg as they 
followed-through.  All participants received a demonstration of such a throw.  
Distance was measured in metres to the nearest 10 cm.  Each participant had two 
attempts, with the two distances summed together to give an overall score. 
Standing Broad Jump.  This task is one of those used in the McCarron Assessment of 
Neuromuscular Development (McCarron, 1997), and required participants to jump for 
distance.  Participants stood beside the same marker laid out on the school oval for the 
throwing task.  They were asked to stand with their feet together, with their arms by 
their sides, before jumping as far as they could.  All participants received a 
demonstration of the jump and were encouraged to use a deep knee bend and a big 
swing of their arms.  A measuring tape was laid out alongside the jumping area, 
allowing distance jumped to the nearest cm to be recorded.  Two jumps were 
performed, with the distances for each jump summed together. 
Hopping.  This task required participants to hop continuously inside a 50cm square as 
quickly as they could for 30 seconds, assessing dynamic balance.  The score was the 
number of hops completed on each leg, with trials alternating between legs (two trials 
on each leg).  A hop was counted only if the participant’s foot clearly left the ground.  
If participants were unable to hop for 30 s or hopped outside of the marked square, 
counting stopped.  The number of hops for each leg was combined to give a total 
score.  This task has been adapted from a task previously used in children with DCD, 
which required participants to hop as many times as they could, up to 50 times 
(Raynor, 2001).   
Static Balance.  This task required participants to balance on one leg, with their free 
leg held off the floor, and slightly flexed.  Participants balanced for as long as 
possible, up to 30 seconds.  If they did not balance for at least 10 seconds, they were 
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given a second attempt, with the highest score counting.  The task was attempted on 
both the left and right legs in two conditions--eyes open and eyes closed.  This 
procedure was repeated on the participant’s non-preferred leg.  The number of 
seconds balanced on each leg in both conditions were added together to give a 
cumulative balance score.  The maximum score obtainable was 120 seconds.   
Task Order.    All tasks were pseudo-randomised across participants.  
The major stipulation was that the HR-NI was completed prior to the remaining 
imagery tasks, both of which provided specific imagery instructions.  This meant that 
all participants began their assessments with the HR-NI.  Participants then completed 
some of the motor assessment tasks - either the Movement ABC or additional motor 
tasks, the order of which was counterbalanced across participants.  They then 
completed either the HR-I or whole-body task, with the presentation of these tasks 
also counterbalanced across participants.  This was followed by the remaining motor 
assessment tasks and finally, the remaining imagery task.  This meant that there was 
always a break of approximately 20-25 minutes between imagery tasks, helping to 
maintain the interest and enthusiasm of participants and reduce practice effects. 
 
Data Analysis 
Imagery Tasks.   As with the previous studies, mean response times 
(RTs) and accuracy (proportion correct) were calculated for each angle, averaged over 
direction of rotation, for each participant.  Anticipatory responses (less than 250ms) 
and abnormally delayed responses (greater than 2.5 times the mean RT for each angle 
for each participant) were again excluded from analysis.  Each child’s mean RT was 
plotted against angle of rotation and a linear curve was fitted.  The least squares 
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method was used to obtain slope, intercept and r
2
, allowing mean regression estimates 
to be derived for each group. 
Response time and accuracy data were tested for violations of the assumptions 
of normality and homogeneity of variance.  For RT, violations were resolved using 
the following transformations: Log 10 (HR-NI RT; HR-I RT), Power (HR-NI 
intercept; HR-NI r
2
; HR-I r
2
) and Square Root (Whole-body r
2
).  As was the case in 
study 2, all accuracy data violated the assumption of normality due to the negative 
skew in the data and could not be corrected using standard data transformations.  
However, as reported in studies 1 and 2, the F test is highly robust to the effect of 
skewness (Lindman, 1974) and to departures of normality when the error(df) are 
greater than 20 (Tabachnick & Fidell, 2001), and as such, the accuracy data in the 
current study was also subjected to analysis. 
To explore group differences on the mean regression estimates of slope, 
intercept and r
2
, multivariate planned contrasts were conducted.  Two contrasts were 
conducted for each task.  The first compared the combined DCD-S and DCD-M 
groups to the controls and the second compared the DCD-S and DCD-M groups.   
Response time data was submitted to a two-way repeated measures ANOVA 
[5(angle) x 3(group)] for each task.  Response accuracy data was also submitted to a 5 
x 3 repeated measures ANOVA.  As in the previous studies, the analysis of repeated 
measures data was conducted using the multivariate approach to ANOVA to protect 
against violations to the assumption of sphericity.  Also, due to a lack of statistical 
power which prevented task being included as a within-groups variable in the 
ANOVA analysis, mean accuracy was again calculated across angles for each group 
for both hand tasks.  Paired-samples t-tests were then conducted to explore change in 
accuracy across the two versions of the hand task. 
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Explanation Category.   As in Study 1, participants in Study 3 were 
asked to explain how they had known if the hand or the arm (in the whole-body task) 
was a left or right.  Unlike Study 1 however, the subgroups formed on the basis of 
these explanations were not submitted to statistical analysis for two reasons.  Firstly, 
the number of explanation categories was increased in the current study to better 
reflect the descriptions provided, meaning that variability in subgroup numbers would 
reduce the reliability of any analysis.  The additional categories are explained below.  
The second reason was that in Study 3, as in Study 2, the participants received 
specific imagery instructions in two of the three tasks.  It was expected that these 
instructions might lead the participants when they provided their explanations.  The 
purpose of these categories therefore, was to provide insight into the techniques used 
by the DCD-S, DCD-M and control groups and hopefully to corroborate their patterns 
of response. 
The revised categories were: 
Rotation and Imagery: Referred to rotation of the stimulus as well as imagery / 
transformation of their hands or themselves.  E.g. “I turned the hand up the right way 
and then imagined my hands to work out which one it matched”. 
Rotation: Referred to rotation of the stimulus (not of themselves).  E.g. “I turned the 
hand the right way up in my head”. 
Imagery:  Referred to imagining a transformation of themselves or their hands to 
match the stimulus.  E.g. “I imagined myself facing the same way as the man” or “I 
imagined turning my own hands so they faced the same way as the one on the 
screen”. 
Mental Explanation: Referred to the mind or brain without reference to imagery or 
rotation.  E.g. “I thought about it in my head”. 
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General Hand Explanation: Referred to looking at the thumbs or to their hands/arms.  
E.g. “I could tell by the way the thumbs pointed” or “I know my left and right”. 
No Response: Unable to describe the process.  E.g. “I don’t know” or “I can’t tell 
you”.   
Motor Performance Profiles.   Children were categorized on the basis of 
their motor imagery performance and their motor skill performance was then 
compared.  Imagery groups were formed according to performance accuracy in the 
following way. First, for each participant, a mean accuracy score for each imagery 
task was calculated by obtaining the mean percentage of correct trials across angles.  
Second, group means and standard deviations were calculated.  Third, a cut-off value 
was set for each task, defined as one standard deviation below the average score of the 
Control group.  All participants, regardless of group, scoring below this cut-off value 
were categorized as below average imagers.  Participants scoring above this cut-off 
value were coded as average or better imagers.  Fourth, using these cut-off scores, 
four imagery subgroups were formed: those who were average or better on all tasks 
formed the No Deficit group; those who were below average on either or both hand 
tasks, but average or better on the whole body task formed the Hand Only Deficit 
group; those average or better on both hand tasks, but below average on the whole 
body task formed the Whole-Body Only Deficit group and; those below average on 
either or both hand tasks, as well as the whole-body task, formed the Combined 
Deficit group.  Finally, scores for the additional motor tasks were standardized into z 
scores across the sample, with control means and standard deviations acting as 
population measures. Performance profiles, based on these z scores, were then plotted 
for each imagery group. 
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Results 
 
Hand Task 
Response Time – Planned Contrasts on Regression Estimates.   For both 
hand tasks, mean regression estimates were calculated within each group for RT on 
angle and can be seen in Table 4.1.  For the HR-NI, the first multivariate planned 
contrast compared the two DCD groups combined to the controls on slope, intercept 
and r
2
.  This revealed a significant multivariate effect, Wilks’ Λ = .832, F(3,58) = 
3.92, p = .013, η2 = .168 (ANOVA tables can be found in Appendix B), and a 
significant difference between the groups for intercept, F(1,60) = 11.85, p = .001, η2 
= .165.  There were no significant differences for slope, F(1,60) = 1.81, p = .18 η2 = 
.029, or r
2
, F(1,60) = 0.66, p = .42, η2 = .011.  The second planned contrast compared 
the DCD-S and DCD-M groups and revealed a multivariate effect that approached 
significance, Wilks’ Λ = .883, F(3,58) = 2.56, p = .064, η2 = .117.  Univariate tests 
revealed a significant difference for intercept, F(1,60) = 5.03, p = .029, η2 = .077, and 
r
2
, F(1,60) = 4.47, p = .039, η2 = .069.  There was no significant difference for slope, 
F(1,60) = 0.22, p = .63, η2 = .004. 
For HR-I, the first contrast, comparing the DCD groups combined and the 
controls, revealed no significant multivariate effect, Wilks’ Λ = .928, F(3,58) = 1.50, 
p = .22, η2 = .072, and no significant differences for slope, F(1,60) = 2.48, p = .12, η2 
= .040, or r
2
, F(1,60) = 1.75, p = .19, η2 = .028.  The difference for intercept however, 
approached significance, F(1,60) = 3.40, p = .070, η2 = .054.  The second contrast 
revealed a significant multivariate effect between the DCD-S and DCD-M groups, 
Wilks’ Λ = .820, F(3,58) = 4.25, p = .009, η2 = .180.  Univariate tests revealed a 
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significant difference between the groups for r
2
, F(1,60) = 10.34, p = .002, η2 = .147, 
but not for slope, F(1,60) = 0.44, p = .51, η2 = .007, or intercept, F(1,60) = 2.46, p = 
.122, η2 = .039. 
 
Table 4.1 
Mean Regression Estimates for the Hand Task Without Imagery Instructions (HR-NI) 
and With Imagery Instructions (HR-I) 
Task Group N Slope Intercept r
2
 
HR-NI DCD-S 21 8.55 (5.55) 1660.89 (762.95) .68 (.29) 
 DCD-M 21 9.25 (4.80) 1312.27 (248.05) .81 (.13) 
 Control 21 10.61 (3.75) 1023.12 (343.54) .79 (.11) 
HR-I DCD-S 21 7.36 (5.47) 1439.94 (566.76) .53 (.30) 
 DCD-M 21 8.26 (3.26) 1203.82 (416.29) .76 (.18) 
 Control 21 9.66 (4.18) 1081.32 (469.44) .73 (.21) 
Note: SD in parenthesis 
 
Response Time – ANOVA. For the HR-NI, repeated measures ANOVA on 
mean RT revealed a significant group by angle interaction, Wilks’ Λ = .757, F(8, 114) 
= 2.13, p = .038, η2 = .128 (Figure 4.1a).  Tests of simple main effects revealed the 
effect for angle was significant for all groups: DCD-S, Wilks’ Λ = .333, F(4, 57) = 
28.55, p < .001, η2 = .667; DCD-M, Wilks’ Λ = .308, F(4, 57) = 32.09, p < .001, η2 = 
.692 and; controls, Wilks’ Λ = .223, F(4, 57) =49.62, p < .001, η2 = .777.  Simple 
main effects for group were significant at four of the five angles:  0°, F(2, 60) = 5.76, 
p = .009, η2 = .147;  45°, F(2, 60) = 7.13, p = .002, η2 = .192;  90°, F(2, 60) = 7.84, p 
= .001, η2 = .207;  135°, F(2, 60) = 3.19, p = .048, η2 = .096.  There was no 
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significant effect for group at 180°, F(2, 60) = .08, p = .923, η2 = .003.  The main 
effects for group were further explored using pairwise comparisons of estimated 
marginal means with Bonferroni adjusted α levels, revealing the DCD-S group were 
significantly slower to respond than controls at all angles other than 180° (0°, p = 
.002; 45°, p < .001; 90°, p < .001; 135°, p = .026) and slower than the DCD-M group 
at 135°, p = .041.  Also, the DCD-M group were significantly slower than controls at 
45°, p = .033 and 90°, p = .011. 
Figure 4.1.  Mean response time (ms) by angle (°) for the DCD-S, DCD-M and 
control groups on the hand task without imagery instructions (a) and the hand task 
with imagery instructions (b).   
 
For the HR-I, repeated measures ANOVA on mean RT revealed no significant 
interaction between group and angle, Wilks’ Λ = .796, F(8, 114) = 1.72, p = .10, η2 = 
.102 (Figure 4.1b).  There was however, a significant effect for angle, Wilks’ Λ = 
.156, F(4, 57) = 77.27, p = .001, η2 = .844, but no effect for group, F(2, 60) = .29 , p 
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= .751, η2 = .010.  Pairwise comparisons were conducted to explore the effect for 
angle, revealing significant differences on mean RT between all combinations of 
angle (all p < .05). 
Accuracy.   Analysis of response accuracy for the HR-NI revealed no 
significant interaction between group and angle, Wilks’ Λ = .866, F(8, 114) = 1.06, p 
= .39, η2 = .069 (Figure 4.2a).  There was a significant effect for angle, Wilks’ Λ = 
.554, F(4, 57) = 11.49, p < .001, η2 = .446.  This was explored using pairwise 
comparisons, which revealed significant differences between all angles at p < .05, 
with the exception of the following: 0° and 45°, 0º and 90°, 0º and 135° and; 45° and 
90°.  The effect for group approached significance, F(2, 60) = 2.91, p = .062, η2 = 
.089.  This trend for group was explored using Tukey’s HSD post hoc procedure, 
which revealed the difference between the DCD-S and control groups was close to 
significance, p = .051.   
For the HR-I, analysis of response accuracy revealed no significant group by 
angle interaction, Wilks’ Λ = .853, F(8, 114) = 1.18, p = .32, η2 = .077 (Figure 4.2b).  
There was however, a significant effect for angle, Wilks’ Λ = .623, F(4, 57) = 8.64, p 
< .001, η2 = .377, with pairwise comparisons revealing significant differences 
between 180° and all other angles, 0°, p < .001; 45°, p = .001; 90°, p < .001 and; 135°, 
p = .003.  There was also a significant effect for group, F(2, 60) = 7.96, p = .001, η2 = 
.210.  Post hoc analysis using Tukey’s HSD procedure revealed a significant 
difference between the DCD-S and DCD-M groups, p = .008, and the DCD-S and 
control groups, p = .001.   
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Figure 4.2.  Mean response accuracy (% correct) by angle (°) for the DCD-S, DCD-M 
and control groups on the hand task without imagery instructions (a) and the hand task 
with imagery instructions (b).   
 
Paired-samples t-tests, conducted for each group using mean accuracy across 
angle, revealed no significant difference between hand tasks for the DCD-S group, 
t(20) = -0.21, p = .84, d = 0.03, 95%CI (-0.58,0.63).  There was a significant 
difference for the DCD-M group, t(20) = -2.79, p = .011, d = 0.65, 95%CI (0.02,1.26), 
indicating a significant improvement when imagery instructions were introduced.  
There was no significant difference for the control group however, t(20) = -1.52, p = 
.14, d = 0.40, 95%CI (-0.22,1.01). 
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Whole-Body Task 
Response Time – Planned Contrasts on Regression Estimates.   The mean 
regression estimates calculated for each group on the whole-body task can be seen in 
Table 4.2.  A planned contrast comparing the combined DCD groups and the controls 
on slope, intercept and r
2
 revealed a significant multivariate effect, Wilks’ Λ = .808, 
F(3, 58) = 4.61, p = .006, η2 = .192.  Univariate tests revealed a significant difference 
between the groups for slope, F(1, 60) = 4.70, p = .005, η2 = .073, and intercept, F(1, 
60) = 8.41, p = .005, η2 = .123, but no difference for r2, F(1, 60) = 0.25, p = .62, η2 = 
.004.  A second contrast, between the DCD-S and DCD-M groups did not reveal a 
significant multivariate effect, Wilks’ Λ = .982, F(3, 58) = 0.35, p = .79, η2 = .018.  
Univariate tests revealed no significant differences between the groups for slope, F(1, 
60) = 0.16, p = .69, η2 = .003, intercept, F(1, 60) = 0.69, p = .42, η2 = .011, or r2, F(1, 
60) = 0.10, p = .76, η2 = .002. 
 
Table 4.2 
Mean Regression Estimates for the Whole-body Task 
Group N Slope Intercept r
2
 
DCD-S 21 3.31 (5.25)  1974.96 (834.65) .34 (.33) 
DCD-M 21 2.68 (4.34) 2196.47 (849.55) .37 (.33) 
Control 21 0.0007 (5.82) 2771.68 (965.12) .39 (.28) 
Note: SD in parenthesis. 
  
Response Time – ANOVA. Repeated measures ANOVA on mean RT 
revealed no significant interaction between group and angle, Wilks’ Λ = .881, F(8, 
114) = .934, p = .49, η2 = .062 (Figure 4.3).  There was however, a significant effect 
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for angle, Wilks’ Λ = .823, F(4, 57) = 3.064, p = .023, η2 = .177, but no effect for 
group, F(2, 60) = 1.69, p = .193, η2 = .053.  The effect for angle was explored using 
pairwise comparisons, revealing significant differences in mean RT between 0° and 
135°, p = .035, and 90° and 135°, p = .041.   
Accuracy.   Repeated measures ANOVA on accuracy revealed no 
significant interaction between group and angle, Wilks’ Λ = .892, F(8, 114) = .84, p = 
.57, η2 = .055 (Figure 4.4).  There was a significant effect for angle, Wilks’ Λ = .792, 
F(4, 57) = 3.75, p = .009, η2 = .208.  Pairwise comparisons revealed a significant 
difference between 45° and 90° only, p = .007, though the difference between 45° and 
135° also approached significance, p = .078.  There was also a significant effect for 
group, F(2, 60) = 16.40, p <.001, η2 = .353.  Post hoc analysis using Tukey’s HSD 
procedure revealed the control group were significantly more accurate than both the 
DCD-S and DCD-M groups (both p’s < .001).  
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Figure 4.3.  Mean response time (ms) by angle (degrees) for the DCD-S, DCD-M and 
control groups on the whole-body task. 
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Figure 4.4.  Mean response accuracy (% correct) by angle (degrees) for the DCD-S, 
DCD-M and control groups on the whole-body task. 
 
Explanation Categories 
It can be seen in Table 4.3 that on the basis of self reports about how 
handedness was determined (on the HR-NI), the majority of participants were coded 
in the General Hand Explanation group.  This was most evident for the DCD-S 
group, with 61.9% coded as providing general hand explanations.  The responses of 
the DCD-M and control groups were more varied.  More than a third of the DCD-M 
group provided imagery explanations without being provided with specific imagery 
instructions, and almost 20% described rotation.  Finally, almost a quarter of controls 
described rotation. 
There was a shift towards imagery explanations in the HR-I, which was to be 
expected.  For the DCD-S group, an equal number of participants were coded as 
providing imagery explanations and general hand explanations.  More than one third 
of the DCD-M group described imagery, either on its own or in combination with 
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rotation.  Finally, almost two-thirds of controls described imagery alone or in 
combination with rotation, though almost a quarter continued to use general hand 
explanations. 
For the whole-body task, the table shows that more than half of participants 
were coded as giving imagery explanations, which reflects the instructions they were 
given to complete the task. 
 
Motor Performance and Imagery Deficits 
The mean accuracy scores for each group in each task can be seen in Table 
4.4.  The data reflects that shown in Figures 4.2 and 4.4, with the control group more 
accurate than the DCD groups in all tasks.   
On the basis of accuracy data, we determined the cut-off scores for below 
average imagers.  These values were equal to the control group’s mean for each task 
minus one standard deviation.  For the HR-NI, the cut-off was an accuracy score 
below 78.05%, for the HR-I, it was 90.37% and for the whole-body task, the cut-off 
was 67.41%.  Table 4.5 shows the number of participants from each group coded as 
below average imagers and average or better imagers on each task, with the final 
make-up of the imagery subgroups shown in Table 4.6. 
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         2     (9.5%) 
         0     (0%) 
         0     (0%)   
         2     (3.2%) 
 
         0     (0%) 
         1    (4.8%) 
         1    (4.8%) 
         2    (3.2%) 
 
         1    (4.8%) 
         0    (0%) 
         3  (14.3%) 
         4   (6.3%) 
Imagery 
      2     (9.5%) 
      7   (33.3%) 
      3   (14.3%) 
    12   (19.0%) 
 
      8   (38.1%) 
    10   (47.6%) 
     8    (38.1%) 
    26   (41.3%) 
 
    12   (57.1%) 
    11   (52.4%) 
    10   (47.6%) 
    33   (52.4%) 
Rotation 
      0     (0%) 
      4  (19.0%) 
      5  (23.8%) 
      9  (14.3%) 
 
      1    (4.8%) 
      1    (4.8%) 
      2    (9.5%) 
      4    (6.3%) 
 
      1    (4.8%) 
      3  (14.3%) 
      2    (9.5%) 
      6    (9.5%) 
Explanation Category 
Rotation & 
Imagery 
      2     (9.5%) 
      2     (9.5%) 
      3   (14.3%) 
      7   (11.1%) 
 
      1     (4.8%) 
      6   (28.6%) 
      4   (19.0%) 
    11   (17.5%) 
 
     0     (0%) 
     3   (14.3%) 
     3   (14.3%) 
     6     (9.5%) 
 
Group 
DCD-S 
DCD-M 
Control 
Total 
 
DCD-S 
DCD-M 
Control 
Total 
 
DCD-S 
DCD-M 
Control 
Total 
Table 4.3 
Number of Participants from the DCD-S, DCD-M and Control Groups That Form Each Explanation Category for Each Task 
 
 
Task 
Hands, No 
Instructions 
 
Hands, With 
Instructions 
 
Whole-Body 
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Table 4.4 
Mean Accuracy Scores for the DCD-S, DCD-M and Control Groups on Each Imagery 
Task 
Group HR-NI HR-I Whole-Body 
DCD-S 80.5% (19.5) 81.0% (20.4) 49.0% (27.2) 
DCD-M 87.4% (11.0) 93.3% (6.7) 49.2% (24.5) 
Controls 91.6% (13.5) 95.7% (5.4) 85.0% (17.6) 
Note:  HR-NI - Hand task without imagery instructions; HR-I - Hand task with imagery instructions.  
SD in parenthesis 
 
 
Table 4.5 
Number of Participants Coded as Below Average and Average or Better Imagers from 
the DCD-S, DCD-M and Control Groups 
  Group  
Task Imagery ability DCD-S DCD-M Controls Total 
Below Average 7 4 2 13 HR-NI 
Average or Better 14 17 19 50 
Below Average 8 1 0 9 HR-I 
Average or Better 13 20 21 54 
Below Average 16 14 3 33 Whole-
Body Average or Better 5 7 18 30 
Note:  HR-NI: Hand task without instructions; HR-I: Hand task with instructions.   
 
 The figures in Table 4.6 show that there were children whose imagery deficit 
was task-specific.  In total, 35 children were considered to have an imagery deficit.  
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Of these, only 13 had a deficit evident in both the hand and whole-body tasks.  The 
remaining 22 children had deficits that were specific to either the hand or whole-body 
task. 
 
Table 4.6 
Number of Participants in Each of the Imagery Subgroups from the DCD-S, DCD-M 
and Control Groups 
 Group  
Imagery Subgroup DCD-S DCD-M Control Total 
Hand Only Deficit 1 0 1 2 
Whole Body Only Deficit 8 10 2 20 
Combined Deficit  8 4 1 13 
No Deficit  4 7 17 28 
ALL SUBJECTS 21 21 21 63 
 
The performance profiles shown in Figure 4.5 indicate that participants in the 
current study with no imagery deficit scored just below the control group mean on all 
of the additional motor tasks.  The number of participants who performed poorly only 
on the hand tasks was limited (n = 2).  However, for both of these participants, their 
greatest impairments were in their fine motor skills, particularly tracing, while their 
balance skills were approximately 1SD below the control mean and their throwing and 
sprinting abilities neared those of the children in the no deficit group.  The whole-
body only deficit group displayed a generalised motor skill impairment, with their 
mean scores for the throwing and sprinting tasks slightly below the other impairment 
groups.  On most whole-body tasks though, this group did not appear to perform any 
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worse than the hand deficit only group.  The combined deficit group, who displayed 
impairments in the ability use motor imagery accurately in both the hand and whole-
body tasks, had a generalised deficit to their fine and gross motor skills.  This group 
was below the sample mean on all of the additional motor tasks, with their tracing and 
static and dynamic balance skills most strongly impaired.     
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Figure 4.5.  Motor performance profiles for each of the imagery subgroups – No 
Imagery Deficit (ND), Hand Deficit Only (HD), Whole-Body Deficit (WBD) and 
Combined Deficit (CD). 
 
Summary of Results 
 In summary, there were a number of significantly different results at a group 
level in Study 3.  Firstly, for RT there was a significant interaction between group and 
angle in the HR-NI.  This reflected the DCD-S group performing slower than controls 
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at all angles other than 180°, and the varied performance of the DCD-M group, who 
were significantly slower than controls at 45° and 90°, but then were significantly 
faster than the DCD-S group at 135°.  In terms of accuracy, the group effect 
approached significance, with the difference between the DCD-S and control groups 
close to significance.  With the introduction of the imagery instructions, the difference 
between groups in RT was reduced and there were no longer any significant group 
effects.  There was, however, a significant group difference in accuracy, with the 
DCD-S group less accurate than both the DCD-M group and controls.   
 For RT in the whole-body task, there was a significant difference between the 
combined DCD groups and controls for the regression estimate of slope, but there was 
no group effect revealed by ANOVA.  For accuracy, there was a significant effect for 
group, with both DCD groups performing significantly less accurately than controls. 
 Finally, the motor performance profiles showed some evidence for specific 
imagery deficits relating to motor impairments.  For example, those who were 
impaired on the hand rotation task only, albeit only a very small number, were most 
impaired on the fine motor tasks, whilst those with a combined hand and whole-body 
imagery deficit performed poorly across a range of fine and gross motor tasks.  This 
was not the case for the whole-body deficit group however, whose performance on 
most of the whole-body tasks was fairly similar to the hand deficit only group.  
 
 
Discussion 
 
The aims of Study 3 were two-fold.  Firstly, the study aimed to determine 
whether there was a link between level of motor impairment and motor imagery 
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ability.  It was expected that children in the DCD-S group would exhibit greater levels 
of impairment in their ability to perform motor imagery tasks, as evidenced by an 
atypical RT pattern or decreased accuracy.  It was further expected that children in the 
DCD-M group would also be impaired in their ability to perform motor imagery tasks 
when compared to controls, but that this impairment would not be as great as for those 
children in the DCD-S group.  Secondly, the study aimed to ascertain whether motor 
imagery deficits could be task-specific, and if so, if these task-specific deficits are 
reflected in a child’s motor performance profile.  It was expected that there would be 
children in Study 3 who were impaired in only one motor imagery task, whilst being 
able to perform the other adequately.  There were also likely to be children impaired 
in both tasks and also those who were not impaired at all.  Further, if as expected, 
motor imagery deficits were found to be task specific, it was hypothesised that 
children’s pattern of motor impairment would reflect these deficits.   
Children falling below the 15
th
 percentile on the Movement ABC were 
separated into two groups – those scoring on or below the 5
th
 percentile (DCD-S) and 
those scoring between the 6
th
 and 15
th
 percentiles (DCD-M). All participants 
completed a range of motor tasks, in addition to the Movement ABC and the imagery 
tasks.  The results showed that there was a link between the level of motor impairment 
and motor imagery ability, with the DCD-S group less accurate than controls across 
all tasks and generally less accurate than the DCD-M group in the hand tasks.  In 
contrast, the DCD-M group displayed the ability to perform simpler imagery 
transformations, but their accuracy fell towards that of the DCD-S group when the 
transformations became more complex (i.e. when the stimuli were presented at greater 
angular orientations).  In regards to the second aim of the study, the results did show 
that there were children whose motor imagery deficit was task specific – of those that 
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were considered to have a deficit, 22 had deficits in only one of the two motor 
imagery tasks, whilst only 13 had a deficit in both.  There was some evidence of a 
link between the type of motor skill deficit and the type of imagery deficit, though not 
conclusive.  Those participants who were impaired only on the whole body imagery 
task performed less successfully than the other groups in the multi-joint skills of 
sprinting and throwing, though these performances were not drastically reduced.  The 
small number of participants whose imagery impairment was restricted to the hand 
task had a severe motor skill impairment on the tracing task. Those with a combined 
deficit did show a generalised motor impairment across a range of tasks, both fine and 
gross motor.  These results are discussed below, beginning with the motor imagery 
performances. 
 
Motor Imagery Tasks - Hand Task 
   The breakdown of the DCD group into mild and severe DCD participants in 
the current study has enabled the identification of a possible link between the level of 
motor skill impairment and imagery ability.  In the following paragraphs, we will look 
at the performance of each group on both hand tasks individually, beginning with the 
DCD-S group. 
Hand Task – DCD-S.   The results indicate that for the HR-NI, with the 
exception of 180°, the DCD-S group were significantly slower to respond than the 
controls.  Also, the DCD-S group were somewhat less accurate, though this difference 
fell short of significance.  Interestingly, the performance of the DCD-S group was 
also somewhat different from that of the DCD-M group.  The DCD-S group were 
significantly slower to respond than the DCD-M group at 135° and although no 
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overall group difference was revealed in terms of accuracy, the DCD-S group 
appeared less accurate at lower angles (see Figure 4.1). 
 In Study 2, the DCD group were slower than controls, though not significantly 
so, and there were no differences in accuracy.  Study 3 has not examined the DCD 
group as a whole, but given that the performance of the DCD-M group was generally 
in between that of the DCD-S and control groups, it is likely that if the DCD-M and 
DCD-S groups were combined, the results would be fairly similar to those revealed in 
Study 2.  The results do not compare, however, to those in the Wilson et al. (2004) 
study, which also used a single-hand stimulus.  In that study, the DCD participants 
were significantly faster than controls, whilst maintaining a similar level of accuracy.  
Though the task used by Wilson et al. was similar to that used in Studies 2 and 3 here, 
there were some differences in task constraints that may have contributed to the 
performance differences of the DCD groups between the studies.  These differences 
were discussed in Chapter 3, but we will revisit them briefly here.  Of the differences 
between the studies, the most likely to have had an impact upon the performance of 
the DCD groups were (a) that participant’s hands were covered in Studies 2 and 3 and 
(b) participants completed fewer trials in Studies 2 and 3, compared to the Wilson et 
al. study.  Covering the hands of participants removed the opportunity for them to 
look at their hands and use them as a reference for comparison with the presented 
stimulus.  This may have changed the task approach of a number of participants, 
forcing them to rely more heavily on imagery techniques. 
 In terms of the number of trials, participants in the Wilson et al. (2004) study 
completed 80 trials, whilst the participants in Studies 2 and 3 here completed only 40.  
The reason for the greater number of trials in the Wilson et al. study was that two 
hand views were used – the presented stimulus could be in the ‘back’ view, like that 
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used in Studies 2 and 3, or in the ‘palm’ view.  A recent study that also presented 
palm and back views of hands and combined them for analysis demonstrated a typical 
RT trade-off (de Lange et al., 2005), but previous studies where the two hand views 
have been analysed separately have found distinct RT patterns for each view, with 
only the back view resulting in a typical RT trade-off (Parsons, 1987b, 1994).  It is 
difficult therefore to determine whether the combined stimulus views used in the 
Wilson et al. (2004) study would have an impact on the RT profiles of participants.  
As such, it is difficult to draw direct comparisons between the studies. 
When specific imagery instructions were introduced, the DCD-S group 
responded slightly faster than they had in the no-instruction condition (see Figure 
4.1).  Indeed, there was no longer an overall group difference in RT.  A similar trend 
for slightly faster RTs in the with-instruction condition was seen in the DCD group in 
Study 2.  In terms of accuracy however, like the DCD group in Study 2, the DCD-S 
group in Study 3 did not improve as a result of instruction, with their mean accuracy 
across angles at 80.45% for the no instruction condition and 80.89% for the with 
instruction condition (see Figure 4.2).  They were significantly less accurate than 
controls at all angles other than 0° and also significantly less accurate than the DCD-
M group at all angles other than 135°.  These results indicate that the DCD-S group 
was not able to make use of the imagery instructions to improve their performance. 
Hand Task – DCD-M.   As already mentioned, the pattern of response 
for the DCD-M group was somewhat different to that of the DCD-S group.  In the 
HR-NI, the DCD-M group were significantly slower than controls at lower angles 
(45° and 90°), but were as fast as the controls at higher angles, becoming significantly 
faster than the DCD-S group at 135°.  In terms of accuracy, the DCD-M group were 
as accurate as controls at lower angles, where they were significantly more accurate 
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than the DCD-S group.  However, as the angular orientation of the stimulus increased, 
and their RTs became faster, the accuracy of the DCD-M group fell, leaving them 
significantly less accurate than controls at 180°.  Thus, at lower angles, when the 
DCD-M group took more time to respond than controls, they were able to maintain a 
similar level of accuracy as the control group.  However, when their RTs became as 
fast as the controls, the accuracy of the DCD-M group dropped to levels equal to that 
of the DCD-S group.  This suggests a type of speed-accuracy trade-off in the DCD-M 
group, which might be the result of the complexity of transformations performed at 
greater orientations.   
The early work of Parsons (1987b) indicates that the imagined transformation 
of a hand becomes more awkward as the angle of orientation moves toward 180°.  
Though this work refers to imagining one’s hand at that particular orientation, it 
would be expected that performing a rotation of a stimulus would also become more 
complex as the angle of orientation increases, as the mental representation of the 
stimulus is required to be maintained for a longer period of time.  Thus, regardless of 
whether participants are imagining movement of the stimulus or of their own hand, 
we can assume that the complexity of the hand task increases in line with the stimulus 
orientation.  This indicates that the DCD-M group were capable of performing 
simpler forms of imagery transformations with a similar level of accuracy as controls, 
but were less competent as task complexity increased. 
 When imagery instructions were introduced, the DCD-M group, like the DCD-
S group, had slightly reduced RTs (see Figure 4.1).  Unlike the DCD-S group 
however, the DCD-M group did show some benefit from the imagery instructions, 
particularly as the angular orientation of the stimulus increased with an increase in 
their mean accuracy from 87.39% in the no instruction condition to 93.30% in the 
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with instruction condition (see Figure 4.2).  The DCD-M group were as accurate as 
controls at all angles other than 180°, and were significantly more accurate than the 
DCD-S group at all angles other than 135°, though this difference also approached 
significance.  Hence, the introduction of specific imagery instructions reduced the 
effect of angle on the accuracy of the DCD-M group, with the speed-accuracy trade-
off evident in the hand task without instruction greatly reduced in the second task. 
Hand Task – Controls.   The controls in Study 3 had similar RT patterns 
for both the HR-NI and HR-I.  The regression estimates were not dissimilar to those in 
Study 2 and again, the introduction of specific imagery instructions had little impact 
on the RT patterns of the controls in Study 3.  The accuracy of the controls in the HR-
NI was relatively high, particularly in comparison to the control group in Study 2.  
This meant that they did not have the potential to improve in the HR-I as greatly as 
the controls in Study 2 had.  However, it is clear in Figure 4.2, that improvement was 
still evident, particularly at higher angles, and is reflected in their increase in mean 
accuracy from 90.98% without instructions to 96.25% when imagery instructions 
were introduced.   
In summary, there was a group of severely motor impaired children in Study 3 
who were slower to respond, but not significantly less accurate, than controls in the 
HR-NI.  When specific imagery instructions were introduced, this same group was no 
longer significantly slower to respond, but were now significantly less accurate than 
controls.  This was a similar response pattern to that of the DCD group in Study 2.  In 
contrast, there was a group of children with mild motor impairment who were 
significantly slower than controls at lower angular orientations, but were as fast as 
controls at higher angles.  In terms of accuracy, this same group was as accurate as 
controls at the lower angular orientations, but was significantly less accurate at higher 
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angles.  So, for the DCD-M group, the complexity of the required transformation 
appeared to impact on their ability to perform accurately.   
Interestingly, children with mild motor impairment tended to benefit more 
from motor imagery instructions than children with more severe impairment.  As yet, 
no research has been published that examines the differences in imagery ability and 
the capacity to utilise imagery instructions in children with different severities of 
motor impairment, but studies from other domains may shed some light on our 
findings.  In the case of elite performers in the sporting domain, the ability to use 
mental imagery training has been linked to an athlete’s general imagery ability 
(Martin et al., 1999).  Athletes with greater imagery ability respond more to imagery 
training.  In the current study, general imagery ability was not assessed.  However, in 
the HR-NI task, before the instructions were introduced, the DCD-M group were 
significantly more accurate than the DCD-S group at 0° and 90°, which may indicate 
a greater general imagery ability in the DCD-M group (though their performance 
decreased as task complexity increased).  If there was greater general imagery ability 
in this group, those findings with elite athletes would suggest that it would make 
sense for them to show greater improvement in line with the introduction of imagery 
instructions, compared to the DCD-S group. 
 Although children in the current study with severe motor impairment failed to 
respond to imagery instructions, it would be unwise to conclude that these children 
could not be trained to use motor imagery effectively.  Indeed, imagery training has 
been used successfully in children with DCD to improve their motor performance (P. 
H. Wilson et al., 2002).  The imagery training group in the Wilson et al. study was not 
a ‘pure’ DCD group, as it contained children who scored up to the 45
th
 percentile on 
the Movement ABC.  However, of the 17 children who received imagery training, 14 
Chapter Four   Study Three 
 
 - 161 -  
showed a significant improvement in their Movement ABC scores between pre- and 
post-testing.  More importantly, there was a significant correlation between pre- and 
post-score change on the Movement ABC and the pre-test Movement ABC scores.  
That is, those who benefited most from the training were those with the most severe 
impairment at pre-test.  This sort of correlation should be expected; children who 
score above the 20
th
 percentile on the Movement ABC are deemed to be within the 
‘normal’ range of motor development for their age.  They are therefore likely to show 
less change after an intervention than those who are severely impaired.  Nonetheless, 
the correlation does highlight that imagery training produced significant and positive 
changes to the motor skills of severely impaired children, demonstrating that children 
with such an impairment are able to be trained to effectively utilise motor imagery. 
 The type of imagery instructions/training provided in the Wilson et al. (2002) 
study was very different to that provided here in Study 3.  In the training protocol of 
Wilson et al., children were trained to imagine specific, dynamic movements.  These 
movements were modelled for the children and they received extensive training over a 
number of weeks.  In Study 3 here, the children were asked to imagine their hand in 
the position of the hand on the screen.  The action was not modelled for them, there 
was no feedback on the outcome of their performance, and they were not provided 
with ongoing training and practice.  The results of Wilson et al. indicate that children 
with severe levels of motor impairment can improve their motor performance through 
imagery training if the training is highly specific, explicit, and sufficient in length; but 
based on the results of Study 3, it appears that simply asking such a child to imagine a 
movement is unlikely to produce the desired effect on their performance.  Instead, the 
training needs to be action-specific, explicit and sufficient in length.  Given the results 
of Study 3, it might be the case that children with less severe levels of motor 
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impairment do not require as specific and explicit forms of imagery training.  Such 
children have demonstrated the capacity here to respond positively to simple imagery 
instructions when performing less complex tasks.  This is an important finding in 
terms of intervention protocols and will be discussed further in Chapter 5. 
 
Whole-Body Task 
Although visual inspection of Figure 4.3 suggests some interaction between 
Group and Angle on RT for this task, this was not detected by ANOVA.  However, 
the results did show that the slopes of the DCD groups were significantly higher than 
that for the controls, who showed virtually no trade-off for angle in their RTs.  The 
DCD-S group had the greatest RT trade-off, showing a linear increase in RT to 135° 
before becoming slightly faster at 180°.  There was no difference in slope between the 
two DCD groups, though there appeared to be less trade-off for angle at lower 
orientations (0°-90°) for the DCD-M group.  Given that there was a significant group 
difference for the regression estimate of slope, it might be expected that the ANOVA 
analysis would have found a significant group effect or interaction.  The regression 
analysis however, reduces the effect of variability across angles by providing one 
single measure for each participant.  In contrast, the ANOVA is conducted using each 
participant’s raw score at each angle, increasing variability and therefore decreasing 
the chances of a significant finding.   
The two DCD groups also displayed similar levels of accuracy.  Both groups 
hovered around chance level (50%), well below the controls, who maintained 
accuracy levels above 80%.  Interestingly, for the DCD groups, their lowest levels of 
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accuracy were observed at the lowest angles, 0° and 45°.  This was also the case for 
the DCD group in Study 2.   
Across studies, the performance of the DCD groups was comparable.  For 
response time, the slope estimate for the DCD group in Study 2 was higher than the 
slope for either DCD group in Study 3.  However, the general RT pattern of the DCD 
group in Study 2 was similar to the DCD groups in Study 3, and in particular, the 
DCD-S group.  This RT pattern shows an RT trade-off for angle, like that typically 
observed in studies of mental rotation.  Accuracy was also very similar for the DCD 
groups across studies.  The accuracy of the DCD group in Study 2 barely rose above 
chance, and there was a general trend for greater accuracy at larger angular 
orientations.  As mentioned, this pattern of response accuracy was also evident for 
both DCD groups in Study 3. 
 The results of the DCD groups in both Studies 2 and 3 are distinct from the 
response patterns usually seen in adult populations (Zacks et al., 2003; Zacks, Mires 
et al., 2002; Zacks, Ollinger et al., 2002).  As was discussed in Chapter 3, there is 
usually little RT trade-off for angle evident in whole-body tasks such as this, as 
rotation of the stimulus does not usually occur; instead, participants imagine a change 
in their own perspective.  The presence of an RT trade-off in Study 2 indicated that 
the participants were most likely rotating the stimulus about the frontal plane to an 
upright position before making the required judgement of handedness.  This occurred 
for both the DCD group and controls.  In Study 3, this continued to be the case for the 
DCD-S group, who appeared to be using a rotation strategy, even at lower angles.  
This suggests that children with severe levels of motor impairment are unable to 
successfully adopt an egocentric reference frame.  Taking on the perspective of other 
people is an important ability in motor skill learning as it allows an observer to 
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imagine a skill from the performer’s perspective – an important part of observational 
learning (Vogt, Taylor, & Hopkins, 2003).  It is also an important tool for interacting 
with one’s environment and given that children with DCD have been shown to find 
this problematic (Larkin & Hoare, 1991), it is not surprising that the children in the 
DCD-S group in Study 3 had difficulty with the whole-body task.   
 Interestingly, a similar effect was seen in the DCD-M group, but only at 
angles above 90º.  At lower angles, there was little trade-off in RT for angle, which is 
indicative of the egocentric transformations described by Zacks and his colleagues 
(Zacks et al., 2003; Zacks, Mires et al., 2002; Zacks, Ollinger et al., 2002).  Thus, it 
appears that at angles less than 90º, the DCD-M group were trying to imagine 
themselves in the position of the stimulus, though they were rather inaccurate in doing 
so.  As the required transformations became more difficult and they were required to 
imagine themselves not only facing the opposite way, but also on their side or upside 
down, it appears that the DCD-M group changed strategies.  At angles above 90º, 
their RT pattern suggests that this group used imagined rotation through the frontal 
plane to turn the figure to the upright before deciding which arm was extended.  This 
final decision may or may not have been made using egocentric transformations.  
Regardless of strategy, their accuracy, like the DCD-S group, hovered around chance 
at all angles.  
Another interesting finding was the RT pattern of the control group, whose 
current RT pattern is similar to that of the adult populations used in Zacks et al.’s 
work.  This pattern is more indicative of transformations performed from one’s own 
perspective (or egocentric transformation), rather than rotations of the stimulus and is 
reflected in the strategies that controls reported using, with almost half describing 
imagery.  Controls in Study 3 also appear to be more accurate than controls in Study 
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2, perhaps resulting from a different approach to the task.  In study two, the results of 
the control group reflected the use of a rotation and imagery technique, and it was 
suspected that the children were rotating the figure to an upright position before 
making an egocentric transformation.  Though approximately 14% of controls did 
describe this strategy in study three, the RT patterns for the group as a whole are more 
reflective of the imagery technique, described by just under half of the group.  What 
caused the apparent shift in strategy in the control groups is unclear.  The actual task 
and the imagery instructions did not change between the two studies.  There were also 
few differences between the samples, and only six of the 21 children in the control 
group had completed the task previously.  There were only three more participants in 
the control group for study three than the control group in study two and the mean age 
of each group was similar (9.2 yrs in study two and 9.4 years in study three).  There 
was a difference in Movement ABC percentile rank – the mean rank for study two 
was 41.6, versus 65.9 for study three, but given that these values are both within the 
normal range, it seems unlikely to have made a significant difference.   
The only other difference between the studies was the number of imagery 
tasks used in the test protocol, with fewer tasks for Study 3.  The removal of the 
alphanumeric task in Study 3 meant the children only completed three computer 
imagery tasks.  Also, the additional motor tasks increased the time spent away from 
the computer and allowed the imagery tasks to be completed one at a time, broken up 
by the administration of the additional motor tasks and the Movement ABC.  In Study 
2, participants completed two imagery tasks in succession, followed by the Movement 
ABC and finishing with the final two imagery tasks.  As accuracy was also higher in 
study three than study two for the controls in the HR-NI, it is possible that the 
decreased cognitive demands resulted in greater concentration and improved 
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performance across all tasks.  The same increase in accuracy did not occur for the 
DCD groups, but this might be because the increased number of motor tasks, which 
were more demanding for the motor impaired children, off-set the benefit, gained 
from the reduced number of cognitive tasks. 
 
 
Motor Performance Profiles 
The additional motor tasks were included in the current study with the aim of 
building motor performance profiles of children with different patterns of motor 
imagery deficits.  Hence, all children in the sample were grouped according to their 
accuracy performance on the imagery tasks:  Children who performed poorly on the 
hand imagery tasks, but not the whole-body task (hand only deficit); those who 
performed poorly on the whole-body imagery task, but not the hand tasks (whole-
body only deficit); those who performed poorly on both the hand and whole-body 
imagery tasks (combined deficit); and those who performed typically on all imagery 
tasks (no deficit).  Interestingly, few of the children with DCD showed specific 
deficits on the hand imagery tasks; most children who performed poorly on the hand 
imagery task also performed poorly on the whole-body task. We had expected that 
participants whose imagery deficit was limited to the hand tasks would have their 
greatest motor skill impairment in the fine motor domain.  Of the final sample of 63 
children, two were shown to have imagery deficits that were restricted to the hand 
tasks only and both showed severe impairment in their tracing ability and were the 
most impaired of all the groups in the pegboard task.  As was expected, those 
participants who displayed an imagery deficit only in the whole-body task were 
approximately 1-1.5 SDs below controls on all tasks, and were the lowest scoring 
group on the multi-segment motor skill tasks of sprinting and throwing.  Their 
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performances, however, were not far below that of the other groups.  The combined 
imagery deficit group displayed the most generalised impairment in motor skill 
performance, with tracing and balance particularly impaired.  This combination of 
poor fine motor skills and balance has been reported previously in children with DCD 
who were also identified as having learning disabilities (Jongmans et al., 2003) and in 
children with dyslexia who scored below the 15
th
 percentile on the Movement ABC 
(Iversen, Berg, Ellertsen, & Tønnessen, 2005).  No formal assessments were 
conducted with participants in the current study to rule out these types of disorders.  
This issue is discussed in more detail in Chapter Five.   
That some children in Study 3 were impaired in only one type of motor 
imagery task, whilst others were impaired in both, appears to be supportive of the 
notion of motor imagery deficits being task specific.  Further, the results suggest that 
motor impairment profiles could be a reflection of these imagery deficits.   The results 
also support a link between the severity of motor skill impairment and severity of 
imagery deficits.  That is, those in the combined deficit group, who performed poorly 
in both the hand and whole-body imagery tasks and can therefore, be deemed to have 
the most severe motor imagery deficit, also showed more pervasive difficulties in 
motor coordination, compared to those with only one type of imagery deficit.   
However, these results should be interpreted with caution for two reasons.  
Firstly, although the results appear to support task specificity in motor imagery 
deficits, the two imagery tasks differed in the complexity of the required 
transformation.  The hand task is simpler to perform than the whole-body task, as it 
requires a transformation of a distal limb, rather than of one’s whole perspective.  So 
a child might still perform poorly on a hand imagery task with high spatio-temporal 
constraints, such as the VGPT, but be capable of performing the hand rotation task 
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with some success.  To overcome this and allow concrete conclusions to be drawn, 
future studies should attempt to use tasks of equivalent complexity, but that requires 
motor imagery of different effector systems.   
Also, in the context of this study, the results of the motor profiling that appear 
to support the link between the severity of motor imagery and motor skill impairments 
are not surprising.  Remember that the DCD-S group in both the hand and whole-
body tasks performed poorly, and that those with more mild motor skill impairment 
(DCD-M) displayed a varied performance on the same imagery tasks.  That is, almost 
two-thirds of the combined deficit group were participants from the DCD-S group, so 
we would expect, given their motor impairment, that they would have the most 
generalised, poor performance in the additional motor tasks.  Likewise, 17 of the 28 
children in the no imagery deficit group were controls, so we would expect their 
performance on the additional motor tasks to be well above the other groups. 
 
General Discussion 
 Tests of the internal modelling deficit hypothesis have been formulated at the 
broad group level, with converging support (Katschmarsky et al., 2001; P. H. Wilson 
& Maruff, 1999; P. H. Wilson et al., 2004; P. H. Wilson et al., 2001).  The current 
study is the first to analyse the difference between children with mild and severe 
DCD, with results suggesting that a child’s level of motor impairment may be linked 
to the severity of the IMD.   
Clearly, children with severe motor impairment in the current study exhibited 
a reduced ability to accurately perform motor imagery tasks, a deficit which was 
manifest in response accuracy on both the hand and whole-body tasks.  These same 
children showed no improvement in their performance when given specific imagery 
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instructions, unlike children in the DCD-M and control groups, and showed little 
change to their RT patterns.  Given that it is widely argued that motor imagery is the 
efference-copy of a movement and is therefore closely linked to the ability to 
accurately utilise internal representations of actions (Crammond, 1997; Jeannerod, 
1995; Jeannerod & Decety, 1995; Schwoebel, Boronat, & Coslett, 2002; Sirigu et al., 
1996), the current results provide some support to the hypothesis that children with 
severe levels of motor impairment might have an underlying internal modelling 
deficit.  This support was not unconditional however.  The deficit observed in the 
hand task was restricted to the accuracy component, with the temporal performance 
matching that which is typically expected.  Further, a significant difference in 
accuracy between the DCD-S and control groups was found only in the hand task with 
instructions, though the difference in the without instructions condition fell just short 
of significance, likely to be the result of inadequate power.  Given this, the deficit 
isolated on the hand task in Study 3 concerned the inability of the DCD-S group to 
utilize the imagery instructions effectively, rather than being a general motor imagery 
deficit.  There was, however, a general inability of the DCD-S group to perform 
egocentric transformations; their response patterns were atypical and their accuracy 
around chance level on the whole-body task.   
Children with mild DCD (a level of motor impairment between the 5
th
 and 15
th
 
percentiles on the Movement ABC) did not show a uniform pattern of impairment in 
their ability to utilise motor imagery.  The performance of the DCD-M group 
appeared to be linked to the complexity of the imagery task, with the group 
performing as well as controls when the tasks were less complex, but becoming less 
proficient as task complexity increased.  For example, at lower angular orientations in 
the hand task, the DCD-M group were able to perform as accurately as the controls, 
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but as the angular orientation increased, their accuracy dropped to levels like that of 
the DCD-S group.  Recently, Skoura and colleagues (2005) identified another 
population in which imagery ability also appeared to depend upon task complexity.  
Their work examined the ability of elderly people to perform a series of imagery 
tasks, some without spatio-temporal constraints, such as walking, and a pointing task 
with strong spatio-temporal constraints.  When comparing the elderly participant’s 
actual movement time to their imagined movement time, they found a high correlation 
when the tasks did not have spatio-temporal constraints.  The authors believe that this 
suggested that the ability to use motor prediction for simple movements is maintained 
throughout the ageing process.  However, for the pointing task, there was a 
disassociation between the real and imagined movements; although actual movements 
were typically constrained by Fitts’ law, imagined movements were not.  These were 
similar findings to that of Wilson and colleagues in their studies of children with DCD 
(Maruff et al., 1999; P. H. Wilson et al., 2001).  So, in a more complex imagery task, 
with high levels of spatio-temporal constraints, elderly people were unable to 
accurately represent movements internally.  Skoura and colleagues suggest that this 
decline in motor prediction for complex movements would likely increase the reliance 
of the elderly on sensory feedback and they also flagged the possibility that this 
deficit might be one reason for the decline in motor control and balance that occurs 
with aging (Skoura et al., 2005).   
As already discussed, the imagery deficit observed in the DCD-M group 
appeared to be linked to the complexity of the required transformation.  Given the link 
between motor imagery and motor prediction, or forward internal models 
(Crammond, 1997), it might also be expected that when performing simple motor 
tasks, such as picking up an object, children with mild motor impairment are able to 
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accurately predict the outcome of their movements, and are thus not forced to rely on 
slow sensory-motor feedback to perform successfully.  Like the elderly though, when 
tasks become more complex, such as multi-segment movements or those with strong 
spatio-temporal demands, they become unable to predict accurately the outcome of 
their movements and are thus forced to rely on slow sensory-motor feedback.  The 
motor impairment of such children might then be classified as less severe than other 
children with DCD as they are able to complete simple motor tasks accurately and 
efficiently using forward models, but are less competent when tasks become more 
complex and they are forced to rely on slow sensory-motor feedback. 
Based on the findings of the current study, it was decided to briefly revisit the 
data from Study 1 to determine if similar differences between mild and severe cases 
of DCD differed in their performance of the double-hand task used there.  The results 
of this analysis can be found in Appendix E.  Visually, the response patterns of the 
DCD-S subgroup are quite distinct from the remaining subgroups in terms RT and in 
particular, accuracy.  The group difference for accuracy fell just short of significance.  
These findings lend further support to the suggestion here that there is a link between 
the severity of motor impairment and imagery ability. 
Regarding this link between the severity of imagery and motor skill deficits, a 
question that is raised is whether the imagery deficit reflects a deviation from 
normality or it is a developmental lag.  That is, the deficit might reflect impaired 
functioning in an area of the central nervous system (CNS), as is the case for patients 
with parietal lesions who show similar atypical response patterns on the VGPT as 
children with DCD (Sirigu et al., 1996).  The level of impairment to the functioning of 
CNS may then be reflected in the level of motor impairment.  Alternatively, the 
development of the ability to utilise internal modelling might be delayed in children 
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with motor impairment, functioning at a level equal to that of children two, three or 
four years younger than them.  This distinction is important not only in terms of 
developmental theory, but also for the impact of imagery training programs.  
Obviously, if the ability to predict the outcomes of one’s movements is impaired due 
to developmental delay, one would expect it easier to intervene and train a child to 
model movements accurately than if the deficit is caused by impaired CNS 
functioning.  Unfortunately, there is a lack of research that informs us of the typical 
developmental trajectory of motor imagery in children, but a number of studies 
concerning the development of feedforward control will be reviewed in Chapter 5.  In 
terms of motor imagery, a recent study by Funk and her colleagues (Funk, Brugger, & 
Wilkening, 2005) used a similar hand task to that used in the current study to explore 
the motor processes engaged in children of kindergarten age (5-6 years).  Their task 
was more complex than that used here, with two notable changes.  The hands 
presented could face in either the palm or back view and the children completed the 
task twice, first with their hands resting on the keyboard palms down and then 
secondly on a specially designed board that allowed their hands to rest palms up.  The 
results showed that 12 of the 20 children in their study were able to perform the task 
at a level clearly above chance, indicating that young children are able to effectively 
engage in motor imagery.  This suggests that if children as young as 5 and 6 years of 
age are able to perform motor imagery tasks, developmental delay is unlikely to be 
responsible for the imagery deficit in children with DCD.  In Chapter 5, this issue will 
be covered in greater detail, drawing from the findings of studies into other areas of 
feedforward control. 
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Limitations 
 An interesting limitation in the current study was the ceiling effect in accuracy 
observed in the hand task.  The high accuracy rates, particularly for the control group, 
but also for the DCD-M group to some extent, indicates that many children within 
these groups could have been achieving perfect accuracy.  This ceiling effect could 
have limited the findings of the study by clouding possible differences in performance 
between the controls and DCD-M groups.  This problem had not previously been 
encountered and was unexpected – in Studies 1 and 2 of this thesis, the controls had 
accuracy at approximately 80%, only increasing in Study 2 when instructions were 
introduced.  Why children in the current study were apparently more proficient than 
those in the previous studies is unclear.  Children were drawn from similar 
populations for all studies and were of similar ages.  This is something tat should be 
considered, however, when designing future studies using the hand task. 
Sample size was the another limitation of Study 3.  Although this study had a 
larger sample than Study 2, it remained a limiting factor for two reasons.  Firstly, the 
sample size restricted the development of motor performance profiles.  For example, 
out of 63 children, there were only two who had an imagery deficit restricted to the 
hand task.  Although these children did display the predicted motor performance 
profile for this type of imagery deficit, a larger group of children, to confirm these 
predictions, would be desirable.  Secondly, the increased number of explanation 
categories in Study 3 compared to Study 1 meant that without a much larger sample, 
comparative group analysis was not possible. 
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Summary 
 In summary, the results of Study 3 demonstrated a link between motor 
impairment levels and motor imagery abilities, with more severely motor impaired 
children less accurate than control children on measures of motor imagery.  Children 
whose motor impairment was less severe showed a profile of performance on motor 
imagery tasks that indicated they were capable of performing simple imagery tasks, 
but were not as successful as the tasks became more complex.  These children also 
demonstrated that they were able to respond, to some extent, to imagery instructions, 
but the severely motor impaired children were not.  Further, although limited by 
sample size, Study 3 did indicate that there might be a link between a child’s pattern 
of motor imagery deficit and their motor performance.  For example, children who 
were poor on the motor imagery whole-body task were the weakest group in the 
multi-segment motor tasks such as running and jumping.  These findings were 
discussed in terms of their impact on the IMD hypothesis and their implications for 
imagery training protocols.  The broader implications of these findings will be 
discussed in the following chapter.  
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General Discussion 
 
Overview 
 The aim of this thesis was to provide a further test of the IMD hypothesis in 
children with DCD.  This chapter will begin by providing a short summary of the 
three studies that have been presented, highlighting in particular, the identified link 
between the severity of motor imagery deficits and motor impairment.  These findings 
will then be compared with previous studies of the IMD hypothesis and then the 
interaction between motor imagery ability, severity of motor impairment and task 
complexity will be further considered. 
 Given that a motor imagery deficit in DCD has been identified in this thesis, 
the discussion will then focus on whether or not this deficit is reflective of a deficit in 
internal modelling, with developmental data in feedforward control then used to 
consider whether an IMD should be viewed as a cause of motor impairment or a 
symptom.  The additional impact of an IMD on observational learning is also 
discussed in this chapter, followed by a brief discussion of the neural areas that might 
not be functioning optimally, thereby resulting in a deficit in internal modelling.  
Finally, directions for future research are highlighted and the clinical implications of 
the findings from this thesis are reviewed. 
   
Summaries of Studies 1, 2 and 3 
 Study 1. Chapter 2 presented a study in which a mental rotation task, 
involving a same-different judgment, was used to investigate deficits in motor 
imagery in children with DCD.  A control task measuring visual imagery, the 
alphanumeric mental rotation task, was also used.  A deficit, in the form of abnormal 
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response patterns in either RT or accuracy, was not isolated at a group level.  
However, a subgroup of children with DCD, whose response patterns were atypical, 
was identified.  The identification of this subgroup provided partial support to the 
IMD hypothesis.  Importantly, no differences were seen in the visual imagery task 
when comparing the DCD and control groups on measures of accuracy and RT.  
However, the double-hand stimulus task used in this study had few task constraints – 
no specific imagery instructions were provided, participant’s hands were visible 
which might have provided visual cues, etc – and it was argued that this might have 
increased the availability of strategies other than motor imagery to solve the task.  As 
a result, Study 2, presented in Chapter 3, set about to reduce these possibilities. 
 Study 2. In the study presented in Chapter 3, there were a number of 
changes to the task and control conditions that were designed to elicit the use of motor 
imagery and reduce the availability of other strategies that might be used when 
solving a mental rotation task.  The first change involved the use of a single-hand 
stimulus, similar to that used by Wilson and colleagues (Wilson et al., 2004).  This 
task was used to decrease the likelihood of techniques other than motor imagery being 
used, given that there was some evidence of the possibility that the double-hand task 
used in Study 1 might allow participants to use visual, rather than motor, imagery to 
respond (Zacks et al., 2003; Zacks et al., 2002b).  Second, this task was completed 
twice; the first time, the participants received no specific imagery instructions, whilst 
on the second occasion, they were given instructions to imagine their own hand in the 
position of the hand on the screen.  Third, participant’s hands were covered with a 
soft towel throughout the task so that they could not be used as a visual reference 
point.  Also, a whole-body imagery task was introduced, requiring the use of 
egocentric perspective transformations. An alphanumeric task was again used as a 
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measure of visual imagery.  Although there was no group difference on the hand task 
without instruction, the DCD group was significantly less accurate than the control 
group when imagery instructions were introduced.  The DCD group were also less 
accurate when performing the whole-body task, but there were no group differences 
in the alphanumeric task.  Taken together, the DCD group’s poorer accuracy in the 
hand task with instruction and whole-body task suggested that they had a reduced 
ability to perform imagined transformations from an internal (or body-centred) 
perspective.  Interestingly, there was some evidence for subgroup effects, though the 
reduced sample size restricted the statistical analysis.  When the DCD group was 
divided into DCD-mild (Movement ABC percentile rank between the 6
th
 and 15
th
 
percentiles) and DCD-severe (Movement ABC percentile rank on or below the 5
th
 
percentile), there appeared to be a link between the level of motor impairment and 
imagery ability.  That is, the DCD-severe subgroup was the least accurate, whilst the 
DCD-mild subgroup’s accuracy level was in between the DCD-severe and control 
groups.   
 Study 3. Consequently, using a larger sample, the study presented in 
Chapter 4 was designed to compare further the performance of three groups (DCD-S, 
DCD-M and control) on the same hand tasks and whole-body task used in Chapter 3.  
The results showed that there was a link between the level of motor impairment and 
motor imagery ability, with the DCD-S group less accurate than controls across all 
tasks and generally less accurate than the DCD-M group in the hand tasks.  In 
contrast, the DCD-M group displayed the ability to perform simpler imagery 
transformations, but their accuracy fell towards that of the DCD-S group when the 
transformations became more complex (i.e., when the stimuli were presented at 
greater angular orientations).  Interestingly, the DCD-M group was able to benefit 
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more from simple motor imagery instructions than the DCD-S group.  This study was 
the first of its kind to pinpoint a link between the level of motor imagery deficit and 
motor impairment.  This finding was discussed in terms of the IMD hypothesis and 
the type of imagery instructions that children with varying levels of motor impairment 
might respond to.  Study 3 also aimed to determine whether the profile of motor 
imagery deficits in children with DCD might be reflected in their motor impairment 
profiles.  The results did show a possible link between the two.  For example, those 
participants who displayed an imagery deficit only in the whole-body task were 
approximately 1-1.5 SDs below controls on all tasks, and were the lowest scoring 
group on the multi-segment motor skill tasks of sprinting and throwing.  The 
combined imagery deficit group displayed the most generalised impairment in motor 
skill performance, with tracing and balance particularly impaired. 
 Summary. Taken together, the results from the three studies presented in 
this thesis indicate that the motor imagery deficit hypothesized to exist in children 
with DCD is dependent upon a number of factors.  These include the child’s level of 
motor impairment and the complexity of the imagery task.  For example, in Chapter 4, 
there was evidence that children with more severe motor impairment were less 
accurate when performing hand rotation tasks than children with less severe motor 
impairment.  We also saw that the imagery deficit in children with mild motor 
impairment appeared to be linked to the complexity of the required transformation.  
That is, they were able to perform as well as controls when the transformation was not 
as complex (at lower angular orientations in the hand task, for example), but were less 
successful as the complexity of the transformation increased.  These findings suggest 
that many children with DCD have an IMD, and that the severity of this deficit is 
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linked to their level of motor impairment.  We will consider next how this suggestion 
fits with the findings of the previous studies of the IMD hypothesis. 
 
Comparison of Findings with Previous Studies of the IMD Hypothesis 
The most compelling support for a link between the severity of motor imagery 
deficits and motor impairment from previous IMD hypothesis studies comes from the 
imagery training study conducted by Wilson and colleagues (2002).  In that study, 
there was a significant positive correlation between pre-test Movement ABC TMIS 
and the level of change in the TMIS pre-post test.  That is, the children with the 
highest scores pre-test, indicating greater motor impairment, were the ones whose 
motor skills subsequently improved the most after an imagery intervention protocol.  
Based on the results of this thesis, it is argued here that this occurred because children 
with more severe levels of motor impairment also had greater deficits in their ability 
to utilise motor imagery.  Those children then had the most to gain from the process-
oriented intervention protocol which trained them to use motor imagery more 
effectively, in turn improving their ability to represent movements internally, leading 
to improvements in internal modelling and their motor skills.  Unfortunately, motor 
imagery ability itself was not assessed during this program, which might have been 
helpful in confirming this suggestion. 
Other studies of the IMD hypothesis have identified that at least two-thirds of 
children with DCD perform atypically on motor imagery tasks, while around one third 
or less perform as typically developing do (e.g. Katschmarsky et al., 2001; P. H. 
Wilson et al., 2001).  Both of these studies used the VGPT as a measure of motor 
imagery and both found that there were some DCD participants that fell within the 
typical performance range.  In the study by Wilson and colleagues (2001), 
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approximately three quarters of DCD participants had a correlation between their real 
and imagined movements that was below the lower limit of the control group’s 95% 
confidence interval.  This left one quarter of DCD participants who were within the 
95% confidence interval of the control group, indicating they were not performing 
atypically.  Similarly, four out of 14 DCD participants in the study by Katschmarsky 
and colleagues (2001) also performed within typical limits.  In both studies, the DCD 
group was composed of children who fell below the 15
th
 percentile on the Movement 
ABC, but unfortunately, neither study gave an indication of the Movement ABC 
scores of the children with DCD who were not impaired on the VGPT.  Based on the 
results of this thesis however, it might be expected that the motor impairment of these 
children was not as severe as some of the children who were impaired on the VGPT. 
Interestingly, a greater proportion of children with DCD performed atypically 
in the previous studies of the IMD hypothesis mentioned above (Katschmarsky et al., 
2001; P. H. Wilson et al., 2001), compared to the proportion performing atypically in 
the studies throughout this thesis.  There are a number of differences between the 
VGPT, used previously, and the mental rotation tasks used here however, which 
might have some bearing on these results.  The VGPT is an explicit imagery task, 
which requires fine and precise movements to be performed and imagined, with an 
emphasis on speed.  Mental rotation, on the other hand, does not require precision, 
and although accuracy is required, there is no feedback provided regarding this.  Also, 
although there is encouragement for the task to be performed as quickly as possible, 
participants are often given some time to respond.  Other factors do come into play 
with mental rotation however.  For example, with a single stimulus paradigm, 
working memory is also important, as participants are not only required to represent a 
movement internally, but also to make a handedness judgement.  Also, if motor 
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imagery instructions are not provided, mental rotation paradigms involve implicit 
imagery, rather than explicit.   
Although the mental rotation paradigm can be manipulated to increase task 
complexity, the VGPT, which requires movement speed and precision, appears to 
result in a larger proportion of children with DCD performing atypically.  These 
differences between the studies highlight the important finding mentioned earlier in 
this chapter that the nature of motor imagery deficits in children with DCD is such 
that it is dependent upon a number of factors, including task complexity and motor 
impairment levels.  Previous studies have not taken the interaction of these factors 
into account, instead suggesting that a general motor imagery deficit exists.  Whilst 
the results of this thesis do not argue against such a deficit, it is important that the 
IMD hypothesis model is redesigned to note that a generic deficit is unlikely to exist 
in all children with DCD and a variety of factors might influence its appearance and 
severity.   
  Studies 1 and 2 in this thesis also demonstrated that the imagery deficit in 
children with DCD was not generalized, but confined to motor imagery tasks.  The 
DCD groups were as successful as controls at completing a visual imagery task 
(alphanumeric rotation).  These are similar results to that of Snow and colleagues 
(1991), who found no significant performance differences in visual imagery 
performance between motor dysfunctional and motor normal children.  The task was a 
non-computerized mental rotation task, with a mixture of rotated stimuli, including 
letters, objects and figures, which needed to be matched to an upright target stimulus.  
The findings also support those reported previously using the Praxis Imagery 
Questionnaire (Wilson et al., 2001).  The DCD group in that study was unable to 
answer questions requiring them to imagine movements kinaesthetically as accurately 
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as controls.  However, they were shown to be able to imagine the same gestures when 
required to make other judgements about the movement, such as the features of an 
object being held.  Thus, like in Studies 1 and 2 here, the DCD group were not 
impaired in general imagery ability, only when the imagery related to movements of 
their own body. 
 In summary, the studies presented in this thesis demonstrate that when 
children with DCD are separated into mild and severe subgroups based on their 
Movement ABC score, their performances on motor imagery tasks can often be 
distinctly separated.  This is supported by previous work that demonstrated that 
children who were most severely impaired in regards to their motor skills gained the 
greatest benefit from a process-oriented, motor imagery training intervention program 
(P. H. Wilson et al., 2002).  The IMD hypothesis needs to take into account the 
likelihood that a generic motor imagery deficit does not exist in DCD; instead, motor 
imagery deficits are dependent upon the interaction of a number of factors including 
motor impairment severity and task complexity.  Importantly, the studies in this thesis 
have lent further support to previous research that had suggested children with DCD 
are not impaired in their ability to use imagery generally, by demonstrating that 
children with DCD were as capable as controls at performing visual mental rotation 
tasks.  The interaction between motor imagery ability, severity of motor impairment 
and task complexity will be discussed further in the following section. 
  
The Interaction Between Motor Imagery Ability, Severity of Motor Impairment and 
Task Complexity 
The current results suggest that a motor imagery deficit exists on some level 
for most children with DCD, but that the severity of this deficit is linked to the 
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severity of their motor impairment and the complexity of the presented task.  Children 
with more severe levels of motor impairment appear to be impaired across a range of 
motor imagery tasks, regardless of their complexity, whereas children with less severe 
motor impairment only perform atypically on more complex motor imagery tasks.  
So, for some children with severe DCD, a task like that presented in Study 1 might be 
enough to highlight their deficit, whereas for others with less severe motor 
impairment, a more constrained and complicated task is needed to bring it to light.   
Like children with less severe motor impairment, older adults also show a 
motor imagery deficit only when tasks are more complex and demanding (Skoura et 
al., 2005).  In Study 3 we discussed the work of Skoura and colleagues, who found 
that when asked to perform a range of motor imagery tasks that were without spatio-
temporal constraints, older adults were able to perform in a similar manner to younger 
adults.  An example of such a task was walking along a line to a specified point at a 
self-selected pace.  When asked to complete a pointing task with strong spatio-
temporal constraints (very similar to the VGPT used previously in DCD) however, 
there was a disassociation between the real and imagined movements of older adults.  
This indicated that the elderly were capable of performing simple imagery tasks, but 
were unable to perform more complex tasks appropriately, similar to the DCD-M 
group in Study 3 of this thesis.  The researchers linked this to internal modelling, 
suggesting that the process of motor prediction might decline with age as the result of 
an aging parietal cortex.  This would also coincide with the decline in movement 
control that occurs with aging.  As with the decline in motor control, the ability to 
perform more complex and demanding tasks is lost before the ability to perform 
simple tasks.  These findings provide support to the suggestion of a link between the 
severity of motor and imagery deficits - older adults retain the ability to perform 
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simple imagery tasks, just as they retain the ability to perform simple motor tasks.  
However, as imagery tasks become more complex, older adults do not perform within 
typical limits and nor can they perform more complex motor tasks.  
It is important to note however, as Skoura and colleagues (2005) do, that a 
deficit in the ability to represent movements internally, might not be solely reflective 
of a deficit in the ability to predict the outcomes of one’s movements.  Attention and 
working memory, for example, are both important parts of the cognitive process that 
is motor imagery.  For this reason, there needs to be some caution when claiming that 
a deficit in motor imagery is the result of an IMD.  The link between motor imagery 
and internal modelling is based on a number of theoretical constructs, which we will 
revisit briefly here.  
Previous research has demonstrated a strong correlation between motor 
imagery and motor execution in terms of movement time, muscular activation, 
increases in heart rate and neurological activations (Decety, 1996; Decety & 
Jeannerod, 1996; Decety, Jeannerod, Durozard, & Baverel, 1993; Jeannerod, 1995; 
Kosslyn et al., 1998; Malouin, Richards, Jackson, Dumas, & Doyon, 2003; Parsons, 
1987a, 1994; Parsons & Fox, 1998a; Sirigu et al., 1996).  These findings have led 
researchers to argue that motor imagery is actually the efference copy of a movement, 
which has come to consciousness because the actual movement has been inhibited 
(Crammond, 1997).  One school of thought is that forward internal models of motor 
control use the efference copy of movements to predict the state of the motor system 
once a motor command is completed (Frith et al., 2000) and as such, researchers have 
drawn the link between motor imagery and forward modeling (Gentili, Papaxanthis, 
& Pozzo, 2006; Papaxanthis, Pozzo, Skoura, & Schieppati, 2002; Skoura et al., 2005; 
P. H. Wilson et al., 2004; P. H. Wilson et al., 2002).   
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As noted above, however, we need to be prudent when making a definitive 
link between the observed deficit in motor imagery ability in children with DCD and 
an IMD.  There is other research that can support and strengthen the argument for this 
link however.  For example, Katschmarsky and colleagues (2001) demonstrated that 
children with DCD were less proficient than controls at performing a DSST, believed 
to be a direct test of the ability to utilise efference copy.   
Further, in Chapter 1, a number of studies were reviewed that had examined 
the ability of children with DCD to use feedforward control, which also lend support 
to the IMD hypothesis.  These studies included investigations of postural control 
(Johnston, Burns, Brauer, & Richardson, 2002; Jucaite et al., 2003), grip force (Hill & 
Wing, 1999; Jucaite et al., 2003) and cyclic aiming tasks (Smits-Engelsman, Wilson, 
Westenberg, & Duysens, 2003) and demonstrated that children with DCD have a 
reduced ability to utilise feedforward control, thereby providing further support to the 
IMD hypothesis.  In turn, this also lends weight to the suggestion that the observed 
deficit in motor imagery ability in children with DCD, both in this thesis and 
elsewhere (eg. Wilson et al., 2001), is reflective of a deficit in internal modelling.  
   
Is an IMD a Cause or Symptom of Motor Impairment? 
 An interesting question is raised by the results of this thesis.  If the severity of 
an IMD is linked to the severity of one’s motor impairment, might it be possible that 
the IMD is a symptom of one’s motor impairment, rather than the cause of it?  This 
has not been considered previously in studies testing the IMD hypothesis, but we will 
review both aspects of this question in the coming paragraphs. 
An important aspect of internal modelling is the ability to accurately represent 
movements internally and to predict the outcome of particular motor commands 
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(Wolpert et al., 2001), with forward models holding information about the 
biomechanics of the body and its movements (M. Wilson, 2003).  Research by Calvo-
Merino and colleagues (2005) has shown that an individual’s internal representation 
of movements is effected by their individual motor repertoire.  There are limitations 
however, in the motor repertoire of children with DCD which might then limit the 
development of accurate internal representations of movement.   
Firstly, the core problem of children with DCD is that they have difficulty 
producing smooth, coordinated and accurate movements.  This might impact 
negatively upon the development of their internal representation of movement 
because the very movements that are meant to strengthen those representations are 
themselves flawed.  Secondly, we know that children with DCD tend to withdraw 
from and avoid physical activity (Bouffard et al., 1996).  This would then restrict their 
movement experiences, thereby constraining their motor repertoire.  This reduced 
repertoire and restricted exposure to movement experiences could negatively impact 
upon one’s internal representation of movement because they do not have the 
experience on which to base these representations.  Based on this line of argument, 
children with DCD have a motor impairment which stems from some other, as yet 
unidentified cause.  They also have an IMD, but rather than being the cause of their 
motor impairment, it is the result of inaccurate motor plans and restricted movement 
experience, stemming from their motor impairment, and is thus a symptom of motor 
impairment, rather than a cause. 
 However, Wolpert’s computational modelling theory of motor control 
(Wolpert & Ghahramani, 2000) would not support this argument.  This theory 
suggests that sensory feedback is used to update internal models to ensure motor 
learning occurs.  That is, after a motor command has been completed, a ‘feedback 
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controller’ determines whether the desired state was in fact reached.  If it was not, the 
discrepancy between the desired and actual states is used to update the internal model.  
Then, when the task is attempted again, the system will have taken into account the 
previous error and the inverse model will adjust the motor command appropriately.  
This is believed to be an essential component of learning.  So in children with DCD, 
theoretically, their performance should improve with repeated exposure to a particular 
skill, even if their performance is initially poor.  This is because the feedback 
controller should be updating the internal model with each repetition of the task.  
Although we know that children with DCD tend to avoid physical activity, and so do 
not have as much practice, we also know that even when exposed to large amounts of 
practice, they still have ongoing difficulty learning new skills.  This is highlighted by 
the early work of Marchiori and colleagues (1987).  This study used a hockey slap 
shot to demonstrate that even after 1,200 practice trials over a six-week period, the 
performance of physically awkward boys remained highly variable.  This was in 
contrast to the control boys who were able to perform with relative consistency, 
despite not having had the benefit of the 1,200 practice trials.  These results indicate a 
likely breakdown in the modelling process in children with DCD.   
 Also, we can look at what is known about the development of feedforward 
control through childhood.  If an IMD in children with DCD was reflective of 
inaccurate motor plans and restricted movement experience, it might be expected that 
their performance on tasks requiring the use of predictive or anticipatory control, such 
as those in Chapter One, including postural and force control, would be similar to that 
of other populations with limited movement experience.  One example of such a 
population with restricted movement experience would be younger children.  
Developmental data for some of the tasks discussed in Chapter One will be outlined 
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below to determine if indeed children with DCD performed tasks requiring 
feedforward control in a manner similar to that of younger children.  If children with 
DCD do show similar performance patterns to those of younger children, it could be 
suggested that their IMD is reflective of their limited movement experience and is 
thus, a symptom of their motor impairment.  If, on the other hand, their performance 
differs from that of younger children, it could be argued that their IMD is one cause of 
their motor impairment, rather than a symptom. 
Developmental data on tasks requiring feedforward control.     Developmental 
data on a range of feedforward tasks demonstrate clear developmental patterns.  When 
we compare these patterns with the performance patterns of children with DCD, it can 
clearly be seen that these children show a deviation from the developmental 
trajectory.  This indicates that their IMD is unlikely to be the result of reduced 
movement experiences, as younger children have also had less exposure to a broad 
range of motor tasks.  Developmental data for postural control, force control and 
manual aiming is discussed below.  Unfortunately, developmental data for the hand or 
whole-body motor imagery tasks used in this thesis is not currently available.   
In the postural adjustment study of Jucaite and colleagues (2003) previously 
discussed, it was found that not only were age-matched controls producing the 
typically expected pattern of adjustments to their COP, but so too were controls as 
young as five.  That is, children as young as five were able to scale postural 
adjustments to the weight of the stimulus, and were able to make these adjustments 
prior to lifting the stimulus, indicating the use of feedforward control.  It should be 
noted that although the onset of the postural adjustments did occur later in the 
younger children than the older children (i.e. closer to the stimulus lift), it did occur 
prior to the lift, unlike the DCD and ADHD group.  These findings indicate that APAs 
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were occurring in children as young as five, but that as children aged, the onset of 
their occurrence was earlier.  The DCD and ADHD children deviated from this 
developmental trend, with many not showing postural adjustments until after the 
stimulus had been lifted. 
 Also in the Jucaite study (2003), control children of both age groups (8-11 
years and 5-7 years) were able to scale their force output when lifting the stimulus in 
line with the objects weight.  They also applied maximum levels of force earlier when 
the stimulus was heavier.  These levels of peak force were obtained prior to the lifting 
of the object.  The only difference between the two control groups was a decrease in 
relative force output for the younger children.  In contrast, and as previously 
discussed, the DCD and ADHD children in the same study had difficulty scaling their 
force output, often using excessive levels to lift the object.  As with the findings 
concerning APAs, these findings again suggest the deficits in feedforward control in 
children with DCD are a deviation from normality rather than a delay in the 
development of such control. 
 There is also some recent developmental data for the discrete and cycling 
manual aiming tasks that have been used in children with DCD/LD, with the tasks 
having been used with children between the ages of 6 and 10 years (Smits-Engelsman, 
Sugden, & Duysens, 2006).  Overall, the movements of children are slower than 
adults in both the cyclic and discrete tasks, but the same advantage for cyclic over 
discrete movement that occurs in adults also occurs in normally developing children 
(i.e. cyclic movements are faster).  The older children were also faster than the 
younger children, but the slope of performance between the cyclic and discrete tasks 
was similar at all age groups, indicating that the ability to perform both tasks develops 
in a similar way.  That is, although the discrete task relies on closed-loop control and 
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the cyclic task relies on open-loop control, both appear to develop at a similar rate.  
The DCD/LD children discussed from the study of Smits-Englesman and colleagues 
(2003) again deviated from this typical performance pattern.  These children had 
faster movement times and were less accurate in the cyclic task, but performed 
similarly to controls on the discrete task.  This indicates that in another task requiring 
feedforward control, children with DCD once again have deviated from the typically 
observed developmental path, but appear to develop typically in terms of closed-loop 
control. 
 In all of the tasks outlined above, children with DCD or DCD combined with 
another disorder (ADHD, LD) deviated from the typical developmental pattern.  In all 
of the tasks, there were clear developmental trends.  For example, APAs still occurred 
in younger children, but as they developed, adjustments were made earlier, or in the 
aiming tasks, younger children had the same pattern of performance, but their 
movement times were slower.  In children with DCD however, postural adjustments 
often occurred after target movement initiation (Johnston et al., 2002; Jucaite et al., 
2003), grip force was exaggerated (Hill & Wing, 1999) and cyclic aiming movements 
were too fast and inaccurate.  Taken together, these findings indicate that the IMD is 
unlikely to be the result of limited movement experience and is instead likely to stem 
from a breakdown in the modelling process.   
So far, this chapter has considered the presence of an imagery deficit in 
children with DCD, and how this deficit appears linked to a child’s level of motor 
impairment.  Combined with previous work that indicated children with DCD have a 
deficit in the ability to utilise feedforward mechanisms in the control of movement, it 
was concluded that the imagery deficit observed here was most likely a reflection of 
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an IMD.  The following section considers a previously unaddressed area which is also 
likely to be affected by an IMD – observation learning. 
 
The Relationship Between an IMD and Observational Learning 
 Observational learning (or modelling) is an important part of motor skill 
learning and the discovery of mirror neurons in the human brain has revealed that 
observing an action activates neural structures similar to those that would be activated 
if the observer was actually performing the movement themselves (Buccino et al., 
2001; Maeda, Kleiner-Fisman, & Pascual-Leone, 2002).  In this sense, observational 
learning is similar to motor imagery, with researchers arguing that the two are 
functionally equivalent (Clark, Tremblay, & Ste-Marie, 2003) and that observation of 
movement generates an internal simulation in the observer to aid the learning process 
(Calvo-Merino et al., 2005).  Given the findings in this thesis and elsewhere (e.g. P. 
H. Wilson et al., 2001) that suggest that children with DCD have a reduced ability to 
represent movements internally, it is likely that these children would also have a 
reduced capacity to learn through observation.  In the following section, the 
importance of observational learning will be discussed before examining the neural 
activation of action observation and its links to motor imagery.  Finally, the impact of 
the IMD hypothesis on observational learning will be examined.  
 The use of modelling or demonstration is one of the most common ways to 
teach motor skills to others, as it allows more information to be conveyed in a shorter 
time span than verbal explanations (Magill, 1998).  Through the observation of others, 
one can gather information regarding the most appropriate strategies for completion 
of a task and the spatial and temporal aspects of a movement (Schmidt & Lee, 2005).  
Despite the use of observational learning in motor skill acquisition, and indeed, in 
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everyday life, the mechanisms behind it were largely ignored for many years (Magill, 
1998).  Recently however, with the development of neuroimaging techniques, 
observational learning has become a popular research area for motor control experts.   
 Much of the research into observational learning has been fuelled by the 
finding of mirror neurons in non-human primates (Brass & Heyes, 2005).  These 
neurons are active both when the monkey performs a specific action and when it 
observes the same action being performed by an experimenter or another monkey.  
Researchers now believe that a similar system of mirror neurons exists within the 
human brain (Decety & Grézes, 1999; Grézes & Decety, 2001).  For example, 
Buccino and colleagues looked at the neural activation produced by the observation of 
mouth, hand/arm and foot movements (Buccino et al., 2001).  The researchers found 
that the activation of the premotor cortex shifted from ventral areas through to dorsal 
areas in correspondence with observation of the mouth, then the hand/arm and finally 
the foot.  These activations map onto the motor organisation of the premotor cortex, 
indicating that the observation of these movements activated the same neural areas 
that would be active if the observers were actually to execute the same movements.  
Also, Maeda and colleagues observed an increase in cortico-spinal excitability in 
muscles specific to the fingers when observers watched a series of finger movements, 
providing further support for a link between action-observation and execution (Maeda 
et al., 2002). 
 In this way, observational learning appears to activate neural structures in a 
similar way to motor imagery, and researchers now accept a functional equivalence 
between the two (Clark et al., 2003; Decety & Grézes, 1999).  Indeed, Grézes and 
Decety (2001) conducted a meta-analytic review of research examining the neural 
basis of simulation, observation and performance of hand movements, finding a 
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significant overlap of activation in a number of neural areas.  Also, Clark, Tremblay 
and Ste-Marie (2003) found an increase in motor-evoked potentials (MEPs) when 
participants imitated an observed action, with increases in MEPs also evident when 
the action was observed without imitation and when it was imagined.  Further, the 
increases in corticospinal excitability were at very similar levels for both action-
observation and imagined movements.  This similarity supports the theory of 
Jeannerod (2001) that the perception of movement actually requires an internal 
simulation of the movement to be produced.  A growing number of researchers appear 
to support this theory that an observer generates an internal simulation of the observed 
movement, allowing the movement to map onto their own motor system (Calvo-
Merino et al., 2005; Hamilton, Wolpert, & Frith, 2004; Petrosini et al., 2003; Vogt et 
al., 2003). 
Further, there has been some speculation by researchers connecting the mirror 
neuron system and forward internal models (Iacoboni, 2005; Miall, 2003).  It is 
suggested that the mirror neurons might form a crucial part of the internal modelling 
process, acting as the interface between the inverse and forward models.  Through an 
intricate series of connections, visual representations may be transformed into a motor 
plan (or inverse model) when they reach the mirror neurons in Area F5.  Then, when 
the motor plan is projected back from the mirror neurons, the motor plan is 
transformed to a predicted outcome (forward model).  There is some conjecture about 
where these connections exist; whilst the posterior parietal cortex (PPC) and superior 
temporal sulcus have been proposed to support the mirror neurons in Area F5 
(Iacoboni, 2005), Miall (2003) suggests the cerebellum, with its strong links to the 
PPC, as another likely possibility.   
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 The apparent link between action-observation and internal simulations of 
movement or motor imagery is intriguing in terms of the IMD hypothesis.  If 
observation and imagery are essentially functionally equivalent, and an IMD 
negatively impacts upon motor imagery, then it is likely that one’s observational 
learning ability would also be affected.  That is, in children with DCD, their 
compromised ability to accurately represent movements internally is also likely to be 
compounded by a reduced ability to learn effectively through movement observation.  
So, where other children are able to watch others, picking up clues on strategies and 
spatial and temporal aspects of the observed movement, children with an IMD are 
unlikely to be able to accurately represent the movement internally, thereby reducing 
their ability to learn.  Taking away this form of learning would greatly reduce the skill 
acquisition capacity of children with DCD, only exasperating their movement 
difficulties.   
Importantly, the strength of the neural activation during action observation 
appears to be linked to the motor skills of the observer (Calvo-Merino et al., 2005).  
In a recent study, two groups of professional dancers and one group of non-dancers 
were asked to observe a series of dance movements.  The researchers found that the 
two groups of dancers showed stronger neural activation in mirror areas when the 
observed skill was within their own motor repertoire.  For example, ballet dancers 
showed greater activation when observing ballet movements compared to other dance 
movements.  Non-dancers, on the other hand, showed no difference in activation 
between either dance type.  So, when an observer already possesses an internal 
representation of a motor act, the response of their mirror neurons is quite different to 
that of a novice observer, and might impact upon their perception of the movement.  
This link between the observer’s motor skill level and the strength of the neural 
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activation during action observation might be of particular importance to children 
with DCD.  It could be assumed that when children with DCD observe somebody 
perform a particular movement, their neural activation would be less than that of a 
child without motor impairment, as a result of their decreased motor repertoire and 
reduced motor skills.  Decreased neural activation could be a reflection of a reduced 
ability to represent or rehearse the movement internally, which in turn, might result in 
reduced learning through observation.  Given that in this thesis, children with the 
most severe levels of motor impairment had the most difficulty accurately 
representing movements internally, this could be particularly problematic for them. 
The impact of an IMD on observational learning will be further discussed in 
the Implications for Clinical Practice section later in this chapter.  
 
Neural involvement in internal modelling – where might things go wrong? 
 If an IMD is a cause of motor impairment in children, the question that is then 
raised is where is the internal modelling process breaking down?  The most 
commonly proposed neural sites to be involved in internal modelling are the posterior 
parietal cortex (Desmurget & Grafton, 2000; Miall, 2003; Sirigu et al., 1996; Wolpert, 
Goodbody, & Husain, 1998) and the cerebellum (Desmurget & Grafton, 2000; 
Wolpert, Miall, & Kawato, 1998), with the frontal lobe also now suggested to play a 
role due to the mirror neurons in Area F5, discussed in the previous section (Miall, 
2003). 
 As discussed in Chapter 1, the parietal cortex has been cited as an important 
neural area for internal modelling by researchers who have identified impairments in 
internal modelling in patients with parietal lesions (Sirigu et al., 1996; Wolpert, 
Goodbody et al., 1998).  Desmurget and Graften (2000) report that two hypothesised 
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roles exist for the PPC.  The first is that it is involved in comparing the current 
location and desired location of a body part, thereby allowing motor errors to be 
computed.  Alternatively, given that the PPC receives a range of sensory signals and 
also, efferent copy signals, the PPC could actually generate the forward model itself.  
Others have suggested the PPC could be responsible for storing the predicted state 
estimate of the internal model (Wolpert, Goodbody et al., 1998). 
 The cerebellum is another commonly cited neural area proposed to be 
important for internal modelling.  Desmurget and Graton (2000) also provide two 
hypothesised roles for the cerebellum.  Firstly, the cerebellum might be involved in 
converting error signals from the posterior parietal cortex into motor commands and 
hence acts as part of the inverse model.  Secondly, the cerebellum might have a role in 
predicting the outcome of a movement and therefore acts as part of the forward 
model.  Keele and Ivry (1990) also suggested that the cerebellum might have a role in 
coordinating the timing of comparisons between efference copy and feedback.  That 
is, ensuring that incoming feedback is compared to the components of efference copy 
to which it relates.   
 Although possible that a deficit in or disruption to one of these sites could 
explain an IMD, it might also be the case that the intricate connections between a 
number of sites is disrupted.  Miall (2003) proposes an intricate model of the possible 
pathways that information may flow through for accurate internal modelling.  Both 
the PPC and the cerebellum are included in this model.  However, Broca’s area in the 
frontal lobe (Area F5) is also implicated, as discussed earlier in this chapter when 
observational learning was discussed.  Area F5 is hypothesised by Miall to act as in 
interface between forward and inverse models.  Thus, according to this model, if Area 
F5 is not performing typically, an internal model could be disrupted.  This could also 
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be the case if the connections between Area F5, the PPC and the cerebellum were 
deficient or disrupted. 
 In summary, there are a number of neural areas that could be disrupted that 
would cause an IMD.  As the precise roles of each is still to be determined, and 
without neuroimaging, it is difficult to ascertain which, if any, of these areas might 
not be functioning optimally and thereby causing the hypothesised IMD in children 
with DCD.  This is an area that future research will hopefully enlighten us on. 
 
Directions for future research 
The suggestion of a link between motor impairment levels and motor imagery 
ability inevitably impacts upon the IMD hypothesis and further development of the 
theory behind it.  A number of future research projects which might help further 
strengthen our knowledge of DCD are discussed in detail below.  Briefly though, 
research should firstly attempt to confirm the link between the severity of motor 
impairment and motor imagery deficits observed in this thesis.  Also, researchers may 
wish to explore why some children have a greater IMD than others and the impact of 
co-occurring disorders.  Finally, intervention research might be carried out that 
examines the impact of imagery training on children with varying levels of imagery 
and motor deficits and also, exploring the cause or symptom question.  This section 
will consider first the need for confirmation of the link between motor and imagery 
deficits.   
Confirming the link between severity of motor and imagery deficits. The 
next step in theory development would be to confirm the link identified in this thesis 
between the severity of motor and imagery deficits.  To do so would require a fairly 
large sample size with an even spread of motor impairment levels.  These children 
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would then need to be assessed using a range of motor imagery tasks of varying 
complexities.  Of particular importance is ensuring equal numbers of children with 
severe and mild forms of DCD.  This is important because it has been demonstrated in 
this thesis that these two subgroups of children with DCD perform quite differently on 
motor imagery tasks.  Further, given that the performance of children with DCD on 
motor imagery tasks appears to be linked to the complexity of the presented task, 
these children should be tested on a range of motor imagery tasks.  Ideally, these 
would include tasks that might be considered less complex, such as the walking and 
sit-to-stand task used by Skoura and colleagues (2005).  These tasks did not have any 
time or accuracy components and so were not considered demanding in spatio-
temporal terms.  Based on the results of this thesis, it would be expected that children 
with less severe motor impairment would be able to perform such tasks as well as 
controls.  The proposed study should also include tasks with high demands on speed 
and precision, such as the VGPT, which are more complex and demanding.  It would 
be expected that most children with DCD would be impaired on such tasks.  A study 
such as that outlined above would be useful in confirming that a link between motor 
imagery ability and motor impairments does exist and help with determining under 
which circumstances such a deficit is most evident.  
Also of importance is a study using neuroimaging techniques to isolate the 
neural areas activated when children with and without DCD perform a motor imagery 
task.  Such a study would allow us to determine not only whether the neural areas 
activated in children with DCD differ from those activated in normally developing 
children, but also whether there is a difference in the areas of activation between 
children with mild versus severe DCD.  Combining this with the study above, it 
would also be interesting to determine whether different imagery tasks, with their 
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varying parameters and constraints, would result in different patterns of activation.  
This would be particularly interesting in children with mild DCD, who appear able to 
perform some motor imagery tasks, but not others. 
Examining why IMD’s are more severe in some children.  What this 
thesis has not been able to determine is why IMD’s are greater in some children with 
DCD than others.  Although there might be any number of reasons for why this is the 
case, this discussion will consider three – the presence of other performance deficits, 
such as motor timing, the impact of co-occurring disorders such as ADHD and LD 
and finally, prior exposure to physical activity -  and suggest ways in which the 
impact of these factors might be explored. 
The impact of alternative performance deficits.    In Chapter 1, the heterogeneity of 
DCD was discussed and some of the reported deficiencies of children with DCD were 
explored.  These included deficiencies in kinaesthetic acuity (Coleman et al., 2001), 
reaction and movement time (L. Henderson et al., 1992), and motor timing (Geuze & 
Kalverboer, 1987, 1994).  Although such studies do not often separate the DCD group 
into subgroups or report individual findings, it would be expected that not all children 
with DCD have each of these deficits.  This is confirmed by the sub-typing study of 
Hoare (1994) who found that although previous researchers had identified visual 
dysfunction in children with DCD (see for example, Hulme, Smart and Moran, 1982), 
these deficits were not evident in all children with DCD.  Using cluster analysis, they 
identified one cluster of 20 children with DCD (out of a total of 80) who, compared to 
the remaining children with DCD, performed particularly well on measures of visual 
perception and visual motor integration.   
In another example, Lundy-Ekman and colleagues (Lundy-Ekman et al., 1991) 
separated their group of clumsy children into two subgroups based on the presence of 
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soft neurological signs.  They found that children with soft cerebellar signs were more 
variable than controls in tasks of motor timing, which required them firstly, to 
maintain a set tapping rate with their finger after auditory cues had finished and 
secondly, to judge whether the time between two auditory signals was longer or 
shorter than the previous repetition of the these cues.  In contrast, clumsy children 
with soft basal ganglia signs were impaired in their performance of a force control 
task, which required them to maintain a set force with their index finger.   
It has been argued here, based on the results of Study 3, that many children 
with DCD have an IMD.  In addition, we might expect that given the number of other 
deficits that have been reported to exist in DCD samples, most children with DCD 
have one or more additional deficits.  The nature and the number of these additional 
deficits may then influence the severity of the IMD.  As an example, we will look 
here at motor timing deficits. 
 Motor timing is a crucial aspect of motor control, allowing muscles to be 
activated in the correct sequence and at the right time.  Earlier in this chapter, we 
discussed the process whereby feedback is used to update and correct the internal 
model to ensure that learning takes place.  Then, on later attempts at a particular task, 
the inverse model makes adjustments to the motor command.  It was suggested that an 
IMD is the result of a breakdown in this process.  How then would a deficit in motor 
timing impact upon this?  A deficit in the control of motor timing would result in 
muscles being activated at the wrong time or in an incorrect sequence, indicating the 
motor commands are not being sent or interpreted appropriately.  So, if we have a 
system that is already struggling to update itself correctly in terms of the internal 
model, incorrect sequencing of motor commands will make things more difficult.  If, 
for example, the feedback controller is attempting to update the internal model based 
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on the calculated error of a movement, the inverse model should then be adjusting the 
next motor command appropriately.  But if this next motor command is initiated 
incorrectly, as might be the case in a system with a motor timing deficit, the internal 
model will breakdown further.  If the system has adjusted and produced a particular 
motor command, but due to deficient timing control, the executed movement is still 
not appropriate, then the internal model will find it more and more difficult to predict 
the outcome of motor commands.  This is because the system is predicting the 
outcome of a motor command that has not been initiated correctly.  Thus, the error 
between the desired and actual states is never resolved, and may even become worse.  
In this way, it would be expected that a child with DCD who has not only an IMD, but 
also a motor timing deficit, would have greater movement difficulties than a child 
with only and IMD.  These difficulties are also likely to make it more difficult for a 
child to represent movements internally, thus creating a greater imagery deficit.  
There could be any number of deficits, or combinations of deficits, that impact 
upon the IMD in such a way.  The first step in exploring how these deficits might 
impact upon an IMD would be to first establish the deficits that should be examined.  
A meta-analytic study might be the best way to resolve this.  Previously, Wilson and 
McKenzie (1998) used meta-analysis to highlight a number of information-processing 
deficits in children with DCD, including visuospatial processing, kinaesthetic and 
cross-modal perception.  However, this research is almost ten years old and many 
studies have been conducted since.  Therefore, an updated meta-analytic study would 
provide a strong basis for selecting which tasks should be used when testing for 
deficits that might be co-occurring in children with DCD with an IMD.  Tests of these 
deficits could then be administered alongside an IMD test and motor impairment test 
to look at the interaction between these factors.  Depending on the nature and the 
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number of deficits being tested for, it might be possible to perform a battery of tests in 
one study, but it is more likely that a number of related studies would be required to 
fully explore this issue. 
The impact of co-occurring disorders. The second area to look at to determine 
why some children with DCD have greater deficits in internal modelling than others is 
the presence of other disorders.  The large overlap between DCD and other 
developmental disorders has been widely reported.  For example, Kaplan and 
colleagues (1998) examined 162 children, testing for DCD, ADHD and reading 
disability (RD).  Twenty-six of these children met the criteria for DCD only, whilst a 
further 32 met the criteria for DCD and either ADHD or RD, and another 23 met the 
criteria for all three disorders.  In another study, 556 children referred for treatment of 
motor problems in Canada were examined to develop a clinical description of children 
with DCD (Miller, Missiuna et al., 2001).  Of these children, 38.5% were classified as 
having LD, 41.1% had either ADD or ADHD and 17.9% had other co-occurring 
disorders (most of which were speech or language related).  The large overlap of 
DCD with ADHD and LD was confirmed by Barnhart and colleagues, who report that 
up to 41% of children with ADHD and 56% of children with LD have co-occurring 
DCD (Barnhart et al., 2003).  For the purpose of discussion here, we will look at these 
two commonly co-occurring disorders – ADHD and LD. 
Previously, the work of Jucaite and colleagues, examining the feedforward 
control of children with ADHD and DCD was discussed (Jucaite et al., 2003).  In that 
study, there were three clinical groups – ADHD, DCD and ADHD+DCD – in addition 
to the control groups.  In terms of feedforward control, the ADHD group had only 
minor differences from the controls.  The DCD group had greater difficulty with 
feedforward control, but the ADHD+DCD group were the group with the greatest 
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deficits.  This indicates that the presence of ADHD might further reduce the limited 
ability of children with DCD to utilise feedforward control and highlights the impact 
that a co-occurring disorder might have in children with DCD. 
The presence of learning disabilities (LD) in children with DCD is associated 
with reduced perceptuo-motor ability, with these children showing a distinct pattern 
of movement impairment (Jongmans et al., 2003).  They have more significant 
troubles with balance and fine motor skills, but have no apparent difficulty with ball 
skills.  Interestingly, children with DCD with LD were shown to have a deficient 
ability to perform a cyclic aiming task, requiring feedforward control (Smits-
Engelsman et al., 2003).  In Study 3, we discussed the motor performance profile of 
children who performed poorly on both the hand and whole-body imagery tasks.  
These children, with the most severe imagery and motor deficits, also demonstrated a 
motor performance profile highlighted by poor performance in the fine motor and 
balance domains.  The presence of LD was not ruled out in Study 3, though it seemed 
unlikely that a relatively small random sample of children from standard primary 
schools would result in a large number of children with combined DCD and LD.  
However, the possibility does exist that there might have been an increased presence 
of LD in this group and the interesting pattern of results suggest that, like ADHD, the 
presence of LD might increase the deficit in internal modelling in children with DCD. 
The presence of other disorders in DCD samples is a difficult issue to resolve.  
Although there are now many studies that explore the comorbidity of such disorders, 
there are relatively few that address the presence of comorbid or co-occurring 
conditions if the comorbidity itself is not the main topic of the study.  Testing for all 
possible co-occurring disorders is impractical, as outlined below, and it might be that 
we instead need to explore whether samples of children in a study have symptoms of 
Chapter Five   General Discussion 
 
 - 205 -  
disorders, rather than trying to strictly diagnose them.  This is because it is easy in 
theory to say that researchers should assess children for the presence of other 
disorders, but the practicality of this is somewhat unrealistic.  Even for those who are 
qualified to administer a range of assessment tools to identify disorders such as 
ADHD, LD, RD etc, it is unfair for a child to be put through so many tests and time 
constraints would make it almost impossible to do.  Also, many researchers in the area 
of DCD are not trained to administer such tests.  For example, a physiotherapist is not 
trained to determine if a child has a reading disability.  How then do we overcome this 
problem?   
There is a suggestion by some researchers that many of these developmental 
disorders, including DCD, stem from a similar manifestation of atypical brain 
development (ABD; Kaplan et al., 1998).  These authors contend that rather than 
trying to pigeonhole children within disorders, those children with developmental 
disorders should be considered to have ABD.  Under this title could come a range of 
descriptive symptoms, such as poor fine motor proficiency, inattention, difficulty with 
reading etc.  This is as opposed to labelling a child with DCD, ADHD and RD.  
Whether or not this system is taken on universally is not an issue to be addressed here.  
However, such a system could be very helpful to researchers looking at DCD.  The 
establishment of a relatively simple, easy-to-administer questionnaire, which could 
help determine or rule out the presence of particular symptoms that might impact 
upon children with DCD could be a great stepping stone to clarifying the 
heterogeneity often reported in children with DCD.  This would enable researchers to 
report more thoroughly on the make-up of their sample – for example, they might 
report ‘in this sample of 25 children with DCD, 16 had symptoms of ADHD and three 
had symptoms of dyslexia’.  The more that can be reported about the make-up of 
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DCD samples, the more informed we can become about the impact of these symptoms 
and the more readily we can compare and contrast studies with confidence.  It would 
also enable us to determine whether the deficits identified in children with DCD are 
the same as those that are present in children with ADHD or LD, who also present 
with motor impairment. 
Level of exposure to physical activity. Earlier in this chapter, we considered 
whether the IMD was likely to be a cause for or symptom of motor impairment.  It 
was suggested that the limited movement experience of children with DCD might 
result in the creation of an IMD, though this was not a favoured explanation due to the 
performance of children with DCD in tests of feedforward control deviating from the 
typical developmental pattern.  However, environmental factors such as limited 
movement experience should not be ruled out when looking at why some children 
have a greater deficit than others.  Individual experiences and exposure to physical 
activity will vary greatly among children and it might be that some children with 
DCD have experienced environments that have allowed them to develop internal 
modelling abilities slightly better than other children.  For example, continued 
exposure to physical activity might help a child with DCD develop slightly more 
efficient internal models.  Or they might have been exposed to a sports or physical 
education teacher who has encouraged them to use imagery as they learn new skills – 
albeit at a crude level.  At this stage, we are unable to ascertain what environmental 
factors, if any, might contribute to some children with DCD having greater IMDs than 
others, because environmental history is not something that is commonly reported on 
by DCD researchers.  Like with the issue of co-occurring disorders however, a 
questionnaire which can profile a child’s environment and previous exposure to 
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physical activity may enlighten us to factors which impact upon their motor 
impairment.  
Intervention research.  In terms of intervention research, there are two 
areas that could be of interest.  Previously, research has shown that children with 
DCD have benefited from an intensive imagery training protocol, administered over a 
number of weeks (P. H. Wilson et al., 2002).  In this study, imagery training improved 
the motor performance of children with DCD as much as physical practice did.  
Although such an intensive training protocol is likely to benefit all children with 
DCD, based on the results of this thesis, children with only mild motor impairment 
may still benefit from a less intensive program.  It is acknowledged that athletes, 
musicians and rehabilitation patients all use imagery training to their benefit (Lotze & 
Halsband, 2006) and if some children with DCD are able to use similar methods, 
where they mentally rehearse movements during their normal intervention training, 
this might be preferable to undergoing a training program administered by computer.  
An intervention study might be conducted where children with a range of levels of 
motor impairment undergo simple imagery training, in addition to their normal 
physical practice and are compared to children who only undertake their physical 
practice.  This could inform us as to whether all children with DCD require intensive 
imagery training administered via computer, or if those with less severe motor 
impairments are able to benefit from simple imagery instructions. 
The second area of intervention research that might be valuable concerns the 
cause or symptom debate discussed earlier.  It has been discussed that, based on the 
results of this thesis and of other feedforward control work (Hill & Wing, 1999; 
Jucaite et al., 2003; Smits-Engelsman et al., 2003), an IMD in children with DCD is 
likely to be an underlying cause of motor impairment rather than a symptom of it.  
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One way to test this further would be to conduct an intervention study with two 
groups of children with DCD.  Imagery ability would be assessed initially and then 
children undergo one of two types of intervention – imagery training or a motor-skill 
based program that is likely to improve a child’s motor skills (e.g. perceptual-motor 
training).  If the IMD was a symptom of motor impairment, it would be expected that 
at post-test, the imagery ability of a child who has undergone a motor-based 
intervention that has improved their motor skills, would thereby improve on the 
imagery task.  If this was not to occur, it could be claimed more definitively that the 
IMD is not a symptom of motor impairment.  Further if the imagery training 
improved the motor skills of children, as it has been shown to do previously (P. H. 
Wilson et al., 2002), this would lend more weight to the argument that the IMD is an 
underlying cause of motor impairment.      
 
Implications for Clinical Practice 
 The major implications for clinical practice from this thesis focus on 
intervention.  In the previous section, Directions for Future Research, the possibility 
of researching the effectiveness of simple motor imagery training for children with 
DCD was discussed.  In terms of clinical practice, simple motor imagery training will 
be discussed as an easy to administer tool that could provide added benefit to current 
intervention programs.  Secondly, earlier in this chapter, deficits in observational 
learning were discussed as another possible aspect of the IMD.  In this section, ways 
of overcoming such deficits to improve learning in children with DCD will be 
explored.  
 Simple motor imagery training as an intervention tool.   It has been argued 
for some time that teachers and coaches should encourage children to use imagery to 
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enhance their learning of motor skills (Hall, Buckolz, & Fishburne, 1992).  The type 
of imagery referred to is relatively simple – it requires children to imagine their 
movements either just before or after they actually perform them.  So as not to 
confuse this type of imagery training with the more extensive and intense training 
provided to children with DCD previously by Wilson and colleagues (2002), it will be 
referred to here as basic imagery training, or BIT.   
It is generally accepted that BIT can enhance the actual performance of the 
imagined skill, with a previously mentioned review finding it to be reportedly 
successful in the areas of sport, music and motor rehabilitation (Lotz & Halsband, 
2006).  This is because BIT effectively trains the forward model (Gentili et al., 2006).  
In Chapter 1, it was discussed that motor imagery is believed to be the efference copy 
of a movement, which has come to consciousness because the actual movement has 
been inhibited (Crammond, 1997).  It is argued that the forward model is able to use 
this efference copy to make predictions about the movement, even though the 
movement was actually inhibited (Gentili et al., 2006).  That is, the forward model 
predicts what the outcome of the motor command would have been had it actually 
been completed.  Forward models contribute to volitional control by anticipating and 
cancelling out the sensory consequences of a movement enabling the mobile 
performer to distinguish between self-produced and externally-induced motion.  
While the original motor intention appears to emanate from premotor cortex, links to 
the parietal lobe form part of a reciprocal cortico-cortical sensorimotor loop that 
appears to support forward planning (Sirigu et al., 2004).  Internal models generated 
by the parietal lobe would, thus, play a role in monitoring intentions and motor plans 
at high levels of representation, verifying whether actions match their intended goals.  
Importantly, by anticipating the sensory outcome of a movement before it is executed, 
Chapter Five   General Discussion 
 
 - 210 -  
forward models can be engaged in imagery training to select optimal action sequences 
(Wolpert, 1997; Katschmarsky et al., 2001).  In other words, mental rehearsal helps 
shape forward models for action. The functional relationship between the forward and 
inverse models can thereby be strengthened even though no overt execution of the 
action has occurred.  This is supported by the work of Gentili and colleagues (2006), 
who demonstrated that performance in an arm-pointing task with a speed-accuracy 
trade-off could be improved by mental practice.  Further, this improvement showed 
some transfer to performance in a nearby workspace, which the authors argued 
demonstrated that mental rehearsal, or motor imagery, can reinforce existing internal 
models.  Other studies have also shown that motor imagery of this kind has resulted in 
improvements to movement performance, but often not to as great an extent as 
physical practice (Nyberg, Eriksson, Larsson, & Marklund, 2006).  This is because in 
physical practice, the linkage between forward and inverse models is further enhanced 
by the presence of sensory feedback (Gentili et al., 2006).  However, studies that 
combine both physical practice and imagery often show the greatest improvement 
(Hall et al., 1992).   
 Although the IMD hypothesis suggests that the process by which the 
relationship between the forward and inverse models is strengthened is damaged in 
children with DCD, simple imagery training like BIT might still be of benefit to some 
children with DCD.  It has been demonstrated in this thesis that the severity of 
imagery deficits among children with DCD is linked to their level of motor 
impairment and further, it was shown in Study 3 that in some situations, children with 
mild DCD do respond somewhat to simple imagery instructions.  Given these 
findings, it could be expected that such children could use motor imagery, in the way 
described in this section, to effectively improve their motor performance.  There is 
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also no reason why children with severe DCD could not also be encouraged to utilise 
such training.  Research is yet to examine what impact, if any, such training would 
have on children with severe DCD.  It is likely that BIT would have little impact upon 
a child with severe motor impairments until they received intensive imagery training, 
such as that provided to children previously by Wilson and colleagues (2002).  Until 
such time as this can be widely provided however, BIT may be of some benefit. 
 Until further research can establish how to determine which children could 
benefit from which type of training, it is recommended that clinicians and 
professionals providing intervention programs for children with DCD consider using 
BIT as part of their current programs.  Encouraging a child to stop for a moment and 
imagine the movement they are about to perform, visually and kinaesthetically, is a 
simple technique with few time demands, that might increase the effectiveness of the 
intervention, and thereby increase a child’s quality of life. 
 Observational learning and modelling.    Earlier in this chapter we 
discussed the impact that an IMD is likely to have on a child’s ability to utilise 
observational learning.  It is believed that an observer actually generates an internal 
simulation of a movement as it is observed so that the movement becomes mapped on 
to their own motor system (Calvo-Merino et al., 2005).  A deficit in the ability to 
represent movements internally is therefore likely to limit the ability to learn through 
observational learning.  This is likely to have a significant impact on intervention 
programs.   
 The vast majority of interventions would use some form of demonstration.  
Regardless of the approach to intervention, children need to be shown the task they 
are required to complete.  The effectiveness of this demonstration, however, might be 
questioned when the observer is a child with DCD.  This is confirmed by Larkin and 
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Hoare who noted that poorly coordinated children do not learn through observation in 
the way that a typically developing child would (Larkin & Hoare, 1991). 
 How then do we enhance the learning experience of children with DCD?  It 
might be that clinicians and practitioners need to take a kinaesthetic approach to 
teaching motor skills to such children.  Children with DCD might need to be guided in 
their movements initially by somebody standing beside or behind them.  For example, 
when learning to swing a tennis racket, the clinician might stand behind them, reach 
around and guide the child through the movement.  In this way, the child can feel how 
the movement is performed, reinforcing the kinaesthetic components of the 
movement, rather than only relying on inaccurate internal representation.  Larkin and 
Hoare suggested some years ago that physical shaping was an important tool for 
teaching motor skills to poorly coordinated children, with this technique gaining more 
successful results than constant verbal and visual prompts (Larkin & Hoare, 1991).  
The IMD hypothesis again highlights the importance of this type of intervention and 
suggests that this kinaesthetic approach should be included as an additional tool 
within intervention programs.   
 Additionally, it was evident in Studies 2 and 3 that children with DCD had 
difficulty taking on the perspective of a person directly facing them.  For this reason, 
if a kinaesthetic approach is not a viable option when teaching motor skills to children 
with DCD, it is likely to assist them if the model performing the skill faces in the 
same direction as they do.  This could reduce the level of transformation required and 
thus, may assist the child with DCD. 
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Issues Raised by the Current Studies 
 Two major issues were raised by the studies presented within this thesis.  The 
first concerns the quantitative level that researchers and clinicians use to determine 
whether a child has DCD and the second concerns the use of imagery tasks as a test of 
the IMD hypothesis.  These issues are discussed in turn throughout the following 
pages. 
Quantitative cut-off point for DCD diagnosis.   Study 3 of this thesis 
generated an interesting and important finding regarding children with varying levels 
of motor impairment.  It was clear in that study that the performance of children who 
scored on or below the 5
th
 percentile on the Movement ABC was rather different from 
those children who scored between the 6
th
 and 15
th
 percentiles on the Movement 
ABC.  These findings highlight an interesting issue in DCD research that receives 
much less attention than perhaps it should – what is the most appropriate cut-off score 
in tests of motor impairment when forming DCD groups for the basis of research? 
Criterion A of the DSM-IV diagnostic criteria for DCD (APA, 1994) states 
that a child’s performance on activities of daily living should be substantially below 
that which would be expected of a child of a similar age and IQ.  However, for a 
number of reasons, no quantitative level is set to describe what is considered to be 
‘substantially below’ typical development, generating uncertainty and varied opinions 
amongst researchers and professions (S. E. Henderson & Barnett, 1998).  In a review 
of the diagnostic criteria used by researchers examining DCD, Geuze and colleagues 
(2001) found that 97% of research papers used a cut-off the 15
th
 percentile or -1 SD 
below the mean, though a limited number of experimental studies used the 5
th
 
percentile as a cut-off.  The researchers concluded in their review that for clinical 
purposes, a cut-off value of the 15
th
 percentile is acceptable, given that there is no 
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gold-standard test of motor impairment and although a child may score poorly in one 
section, such as manual dexterity, and obviously needs intervention in this area, their 
score might not be below the 5
th
 percentile if they did well in the gross motor tasks.  
On the other hand, it was recommended that for research purposes, the cut-off value 
should be the 5
th
 percentile.  However, for the majority of researchers, the cut-off 
criterion has remained at the 15
th
 percentile, as it was in Studies 1 and 2 of this thesis.  
This is most likely because of practical issues.  Gaining a large enough sample of 
children scoring below the 5
th
 percentile can be time consuming and sometimes 
impractical for researchers not working with clinical or referred populations.   
However, based on the results of Study 3, this issue needs to be revisited 
because the pattern of cognitive performance is qualitatively different for children 
whose motor impairment places them below the 5
th
 percentile for age compared to 
those between the 6
th
 and 15
th
 percentiles.  So by using a 15
th
 percentile criterion for 
DCD, high within-group variability can be evident on measures of cognitive 
performance, which could mask significant findings when researchers are exploring 
underlying deficits in DCD.  Homogeneity in the performance of such tasks is more 
evident in the lower tail of the distribution.  Researchers may need to accept smaller 
sample sizes to ensure a clear picture of the performance of children with DCD is 
gained. 
 Limitations of imagery paradigms.    Throughout this thesis, reference 
has been made to the wide body of research that uses motor imagery and explores its 
underlying processes.  Over the past five to ten years however, the vast majority of 
this type of research has utilised brain imaging techniques, particularly in studies with 
adults (Bonda, Petrides, Frey, & Evans, 1995; Clark et al., 2003; Malouin et al., 2003; 
Parsons et al., 1998; Tomasino et al., 2005; Vingerhoets et al., 2002; Zacks et al., 
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1999).  These techniques allow the isolation of brain areas that are involved in 
imagery and can be used to confirm that a person has actually performed motor 
imagery to complete the task.  One of the pitfalls of using motor imagery without 
imaging techniques is that although behavioural measures can give us some insight 
into what is occurring in individual participants, it does not always provide us with 
information about their abilities to form accurate and well developed images (Guillot 
& Collet, 2005).  Thus, although we are able to use measures of accuracy and 
response time in tasks such as mental rotation, we cannot say without doubt that all 
children were attempting to use motor imagery when completing the hand and whole-
body tasks.  Unfortunately, imaging with children is not as straightforward as it is 
with consenting adults.  Parents might be hesitant to allow their child to go through 
major assessments; particularly those of typically developing children who can be 
used to gather developmental data, but who receive no direct benefit from 
participation.  Therefore, before imaging studies can take place, researchers need to 
establish a wealth of supporting data that suggests undertaking imaging studies in 
children will provide some benefit to those involved in the study and to the general 
population.  In terms of the IMD hypothesis, this thesis provides further supporting 
data to that previously published, suggesting that neural dysfunction results in an 
IMD, which then impacts upon a child’s motor development.  The next step for 
researchers to confirm this will be through imaging.  
 
Summary and Conclusion 
 The studies in this thesis support the presence of a motor imagery deficit in 
children with DCD.  However, results qualify the scope of this hypothesis by 
suggesting that the severity of this deficit is related to the child’s level of motor 
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impairment.  That is, children with severe DCD show an atypical pattern of 
performance on a number of motor imagery tasks compared with both controls.  They 
were also less proficient than children with mild DCD in the hand rotation tasks (see 
Study 3).  In contrast, children with mild DCD were able to perform the hand rotation 
tasks as accurately as controls, but were as inaccurate as the severe DCD group in the 
whole-body task. 
 The distinct performance patterns of these two groups of children with DCD in 
studies presented here suggests that the “severity issue” should be revisited.  In 
practice, this refers to the issue of whether DCD groups should be formed using a 
quantitative cut-off point at the 5
th
 or 15
th
 percentile in tests of motor impairment.  
The findings in this thesis indicate that the pattern of cognitive performance is 
qualitatively different for children whose motor performance falls below the 5
th
 
percentile for age compared to those between the 6
th
 and 15
th
 percentiles.  In other 
words, by using a 15
th
 percentile criterion for DCD, high within-group variability is 
evident on measure of cognitive performance; by comparison, performance 
homogeneity is more evident in the lower tail of the distribution.  Thus, positive 
findings in DCD research could be clouded by within group variability when the 15
th
 
percentile is used as the quantitative cut-off point for the DCD group. 
 One important aspect of the results to note is that Studies 1 and 2 found no 
evidence in support of a general imagery deficit in children with DCD.  On a dynamic 
visual imagery task, the DCD group in both studies were able to perform as accurately 
as controls and with typical RT patterns.  This indicates that the atypical motor 
imagery performance patterns, seen here and elsewhere, are not the result of a general 
inability to utilise imagery, but that the observed deficit is restricted to instances when 
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children with DCD are required to represent a movement internally through motor 
imagery. 
 Taken together with other studies of feedforward control in DCD and with 
previous studies of the IMD hypothesis, the motor imagery deficit identified here is 
likely to reflect a reduced ability in children with DCD to utilise internal modelling 
appropriately, thereby supporting the IMD hypothesis.  It is important to note 
however, that the studies in this thesis indicate that the severity of this deficit is not 
uniform amongst all children with DCD.  Although some children were impaired in 
both the hand and whole-body tasks, in others, deficits in accuracy were observed 
only in the whole-body task.  Further research was suggested to clarify why the IMD 
is greater in some children than others; some possible causes suggested included 
additional performance deficits, the presence of co-occurring disorders and 
environmental influences. 
 It was also put forward that an IMD was likely to impact upon the ability of 
children with DCD to learn through observation and modelling.  This type of learning 
is thought to overlap significantly with motor imagery and internal models, so a 
deficit in internal modelling is likely to reduce the ability of children with DCD to use 
observational learning.  Hence, the type of demonstration used when teaching motor 
skills to children with DCD should be adjusted to assist them in forming an 
appropriate internal representation for the demonstrated skill.  Such adjustments 
might include physical guidance to increase the kinaesthetic aspect of the skill or 
ensuring the model faces in the same direction as the observing child, to reduce the 
level of internal perspective transformations that the child is required to make. 
 Finally, a number of directions for future research were provided, including 
studies designed to confirm the link identified in this thesis between levels of motor 
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imagery ability and motor impairment, examining why the hypothesised IMD appears 
to be more severe in some children than others, the impact of alternative performance 
deficits and co-occurring disorders and intervention research.  Implications for 
clinical practice and limitations of the thesis were also discussed. 
 In conclusion, the studies presented in this thesis provided qualified support 
for the IMD hypothesis.  Though a motor imagery deficit was identified, its 
presentation depended on a child’s level of motor impairment and the complexity of 
the imagery task.  Thus, it is suggested that the IMD hypothesis be reconsidered to 
take into account the finding here that a uniform deficit is unlikely to exist in children 
with DCD. 
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Appendix A.  Participant Consent Form, Studies 1 & 2 
HREC Form 2a 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
Prescribed Consent Form For Persons Participating In Research Projects Involving Tests 
and/or Medical Procedures 
 
FACULTY OF Applied Science 
DEPARTMENT OF Psychology and Disability Studies 
Name of participant:  
Project Title: Australian Motor Development Project (AIMED-UP): Follow-
up study 
  
Name(s) of investigators:    (1) Dr. Peter Wilson Phone: (03) 9925-2906 
(2) Mr. Michael Butson Phone: (03) 9925-3019 
 
 
1. I have received a statement explaining the tests/procedures involved in this project. 
 
2 I consent to participate in the above project, the particulars of which - including details of tests 
or procedures - have been explained to me. 
 
2. I authorise the investigator or his or her assistant to use with me the tests or procedures 
referred to in 1 above. 
 
3. I acknowledge that: 
 
(a) The possible effects of the tests or procedures have been explained to me to my 
satisfaction. 
(b) I have been informed that I am free to withdraw from the project at any time and to 
withdraw any unprocessed data previously supplied (unless follow-up is needed for 
safety). 
(c) The project is for the purpose of research and/or teaching.  It may not be of direct 
benefit to me. 
(d) The privacy of the information I provide will be safeguarded.  However should 
information of a private nature need to be disclosed for moral, clinical or legal 
reasons, I will be given an opportunity to negotiate the terms of this disclosure. 
(e) The security of the research data is assured during and after completion of the study.  
The data collected during the study may be published.  Any information that will 
identify me will not be used. 
 
 
Participant’s Consent 
 
Name:  Date:  
(Participant) 
 
Where participant is under 18 years of age: 
 
I consent to the participation of ____________________________________ in the above 
project. 
 
Signature:  Date:  
(Signature of a parent or guardian) 
 
 
 
 Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics 
Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745.   
Details of the complaints procedure are available from the above address. 
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Appendix B.  ANOVA Summary Tables for Studies 1, 2 and 3 
 
Study 1 
 
Table B1 
Planned Contrast results – Hand Rotation Trials, DCD v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .96 5 66 0.49 .78 .036 
 Univariate SS df MS F Sig. of F η2 
Slope Error 712.3 70 10.2    
 Contrast 1.9 1 1.9 0.19 .67 .003 
Intercept Error 17760820 70 253726    
 Contrast 129916.1 1 129916.1 0.51 .48 .007 
Fisher’s Error 16.9 70 0.2    
r Contrast 0.2 1 0.2 0.74 .39 .01 
 
Table B2 
ANOVA results – Hand Rotation Trials, Response Time Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .464 9 65 8.34 <.001 .536 
Angle * Group .927 9 65 0.57 .82 .073 
Between Subject SS df MS F Sig. of F η2 
Error 159449681.3 73 2184242.2    
Group 483013.3 1 483013.3 0.22 .64 .003 
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Table B3 
Hand Rotation Trials, Response Time Data (DCD v Controls) – Comparisons for 
significant angle effect 
 20° 40° 60° 80° 100° 120° 140° 160° 180° 
0° 1.00 1.00 .223 .210 <.001 .045 <.001 <.001 <.001 
20° - 1.00 1.00 1.00 .032 .176 <.001 <.001 <.001 
40°  - 1.00 1.00 1.00 1.00 .001 <.001 <.001 
60°   - 1.00 1.00 1.00 .009 .002 <.001 
80°    - 1.00 1.00 .098 .009 <.001 
100°     - 1.00 .452 .051 .001 
120°      - .496 .062 <.001 
140°       - 1.00 .993 
160°        - 1.00 
Note: Cell value represents significance level of each comparison based on estimated marginal means. 
 
Table B4 
ANOVA results – Hand Rotation Trials, Accuracy Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .660 9 65 3.72 .001 .340 
Angle * Group .963 9 65 0.28 .98 .037 
Between Subject SS df MS F Sig. of F η2 
Error 8.7 73 0.1    
Group 0.2 1 0.2 1.87 .18 .025 
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Table B5 
Planned Contrast results – Hand Rotation Trials, DCD-NM v DCD-MR 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .831 5 66 2.68 .029 .169 
 Univariate SS df MS F Sig. of F η2 
Slope Error 712.3 70 10.2    
 Contrast 119.3 1 119.3 11.72 .001 .143 
Intercept Error 17760820 70 253726    
 Contrast 332585.3 1 332585.3 1.31 .26 .018 
Fisher’s Error 16.9 70 0.2    
R Contrast 1.8 1 1.8 7.24 .009 .094  
 
Table B6 
Planned Contrast results – Hand Rotation Trials, C-NM v C-MR 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .928 5 66 1.02 .41 .072 
 Univariate SS df MS F Sig. of F η2 
Slope Error 712.3 70 10.2    
 Contrast 28.9 1 28.9 2.84 .097 .039 
Intercept Error 17760820 70 253726    
 Contrast 143000.4 1 143000.4 0.56 .46 .051 
Fisher’s Error 16.9 70 0.24    
R Contrast 1.0 1 1.0 4.10 .047 .055 
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Table B7 
ANOVA results – Hand Rotation Trials, Response Time Data (Subgroup analysis) 
Within Subject Wilks’ Λ df   
(hyp) 
df  
(error) 
F Sig. of F η2 
Angle .433 9 62 9.01 <.001 .567 
Angle * Subroup .503 27 181.71 1.78 .014 .204 
Between Subject SS df MS F Sig. of F η2 
Error 153673822.5 70 2195340.3    
Subgroup 2698120.8 3 899373.6 0.41 .75 .017 
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Table B8 
Hand Rotation Trials, Response Time Data for Subgroup Analysis – Comparisons for 
significant interaction effect between angle and subgroup 
DCD-NM DCD-MR C-NM C-MR 
Angles p Angles p Angles p Angles p 
100°v120° .006 0°v120° .017 20°v180° .032 0°v140° .001 
120°v140° .034 0°v140° .003   0°v160° <.001 
120°v180° .006 0°v160° <.001   0°v180° <.001 
  0°v180° <.001   20°v140° .024 
  20°v120° .003   20°v160° .001 
  20°v140° .009   20°v180° <.001 
  20°v160° .001   40°v180° .036 
  20°v180° <.001     
  40°v160° .006     
  40°v180° <.001     
  60°v180° .005     
  80°v180° .013     
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Table B9 
ANOVA results – Hand Rotation Trials, Accuracy Data (Subgroup analysis) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .669 9 62 3.41 .002 .331 
Angle * Subgroup .614 27 181.71 1.22 .22 .150 
Between Subject SS df MS F Sig. of F η2 
Error 8.4 70 0.1    
Subgroup 0.4 3 0.2 1.28 .29 .052 
 
 
Table B10 
Planned Contrast – Baseline Hand Trials, DCD v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate 0.91 5 66 1.29 .28 .089 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1071.4 70 15.3    
 Contrast 1.4 1 1.4 0.09 .77 .001 
Intercept Error 27085694 70 386938.5    
 Contrast 58213.9 1 58213.9 0.15 .70 .002 
Fisher’s Error 9.5 70 0.1    
r Contrast 0.01 1 0.01 0.04 .84 .001 
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Table B11 
ANOVA results – Baseline Hand Trials, Response Time Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .524 8 66 7.49 <.001 .476 
Angle * Group .891 8 66 1.01 .44 .109 
Between Subject SS df MS F Sig. of F η2 
Error 160906314.1 73 2204196.1    
Group 225643.4 1 225643.4 0.10 .75 .001 
 
 
Table B12 
Baseline Hand Trials, Response Time Data – Comparisons for significant angle effect 
 40° 60° 80° 100° 120° 140° 160° 180° 
20° 1.00 .717 1.00 1.00 .052 .003 <.001 .005 
40° - .019 1.00 .462 .010 <.001 <.001 <.001 
60°  - 1.00 1.00 1.00 .804 .342 .608 
80°   - 1.00 .092 .001 <.001 .009 
100°    - 1.00 1.00 .412 .763 
120°     - 1.00 1.00 1.00 
140°      - 1.00 1.00 
160°       - 1.00 
Note: Cell value represents significance level of each comparison based on estimated marginal means. 
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Table B13 
ANOVA results – Baseline Hand Trials, Accuracy Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .707 8 66 3.43 .002 .293 
Angle * Group .956 8 66 0.38 .93 .044 
Between Subject SS df MS F Sig. of F η2 
Error 62.7 73 0.9    
Group 4.0 1 4.0 4.66 .034 .060 
 
 
Table B14 
Baseline Hand Trials, Accuracy Data – Comparisons for significant angle effect 
 40° 60° 80° 100° 120° 140° 160° 180° 
20° 1.00 1.00 1.00 1.00 1.00 1.00 .020 .018 
40° - 1.00 1.00 1.00 1.00 1.00 .116 .083 
60°  - 1.00 1.00 1.00 1.00 .104 .072 
80°   - 1.00 1.00 1.00 .024 .039 
100°    - 1.00 1.00 .033 .003 
120°     - 1.00 .033 .113 
140°      - 1.00 1.00 
160°       - 1.00 
Note: Cell value represents significance level of each comparison based on estimated marginal means. 
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Table B15 
Planned Contrast results – Alphanumeric Trials, DCD v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate 1.00 5 63 0.07 .997 .005 
 Univariate SS df MS F Sig. of F η2 
Slope Error 2309.0 67 34.5    
 Contrast 0.3 1 0.3 0.01 .93 .000 
Intercept Error 30606307 67 456810.6    
 Contrast 60032.6 1 60032.6 0.13 .72 .002 
Fisher’s Error 7.8 67 0.1    
r Contrast 0.001 1 0.001 0.01 .92 .000 
 
 
Table B16 
ANOVA results – Alphanumeric Trials, Response Time Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .357 9 65 13.00 <.001 .643 
Angle * Group .801 9 65 1.80 .086 .199 
Between Subject SS df MS F Sig. of F η2 
Error 522855185.6 73 7162399.8    
Group 453619.9 1 453619.9 0.06 .80 .001 
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Table B17 
Alphanumeric Trials, Response Time Data (DCD v Controls) – Comparisons for 
significant angle effect 
 20° 40° 60° 80° 100° 120° 140° 160° 180° 
0° 1.00 .847 .106 <.001 .001 <.001 <.001 <.001 <.001 
20° - 1.00 1.00 <.001 .089 <.001 <.001 <.001 <.001 
40°  - 1.00 <.001 .231 <.001 <.001 <.001 <.001 
60°   - .029 1.00 <.001 <.001 <.001 <.001 
80°    - 1.00 1.00 .580 <.001 .002 
100°     - .144 <.001 <.001 <.001 
120°      - 1.00 .001 .006 
140°       - .032 .070 
160°        - 1.00 
Note: Cell value represents significance level of each comparison based on estimated marginal means. 
 
Table B18 
ANOVA results – Alphanumeric Trials, Accuracy Data (DCD v Controls) 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .527 9 65 6.48 <.001 .473 
Angle * Group .858 9 65 1.19 .32 .142 
Between Subject SS df MS F Sig. of F η2 
Error 7.5 73 0.1    
Group 0.2 1 0.2 1.65 .20 .022 
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Table B19 
Alphanumeric Trials, Accuracy data (DCD v Controls) – Comparisons for significant 
angle effect 
 20° 40° 60° 80° 100° 120° 140° 160° 180° 
0° 1.00 1.00 .304 1.00 .697 .003 <.001 <.001 .002 
20° - .320 .177 1.00 .138 .002 <.001 <.001 <.001 
40°  - 1.00 1.00 1.00 1.00 .003 .031 .032 
60°   - 1.00 1.00 1.00 .019 .231 .221 
80°    - 1.00 1.00 .023 .202 .237 
100°     - 1.00 .005 .325 .064 
120°      - .410 1.00 1.00 
140°       - 1.00 1.00 
160°        - 1.00 
Note: Cell value represents significance level of each comparison based on estimated marginal means. 
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Study 2 
Table B20 
Planned Contrast results – Hand Task Without Instruction, DCD v Control 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .811 3 30 2.32 .095 .189 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1185.3 32 37.0    
 Contrast 142.6 1 142.6 3.85 .059 .107 
Intercept Error 11338464 32 354327    
 Contrast 1872950.8 1 1872950.8 5.29 .028 .142 
r
2 
Error 2.1 32 0.1    
 Contrast 0.2 1 0.2 2.74 .11 .079 
 
Table B21 
Planned Contrast results – Hand Task With Instructions, DCD v Control 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .894 3 30 1.19 .33 .106 
 Univariate SS df MS F Sig. of F η2 
Slope Error 961.7 32 30.1    
 Contrast 100.9 1 100.9 3.35 .076 .095 
Intercept Error 9790779.3 32 305961.9    
 Contrast 464208.8 1 464208.8 1.52 .23 .045 
r
2
 Error 3.0 32 0.1    
 Contrast 0.1 1 0.1 0.62 .44 .019 
 
Appendix B  ANOVA Summary Tables 
 
 - 254 -  
Table B22 
ANOVA results – Hand Task Without Instruction, Response Time Data 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .239 4 29 23.10 <.001 .761 
Angle * Group .873 4 29 1.06 .40 .127 
Between Subject SS df MS F Sig. of F η2 
Error 5828.8 32 182.2    
Group 42.3 1 42.3 0.23 .63 .007 
 
 
 
Table B23 
ANOVA results – Hand Task With Instruction, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .156 4 29 39.2 <.001 .844 
Angle * Group .854 4 29 1.24 .32 .146 
Between Subject SS df MS F Sig. of F η2 
Error 6592.6 32 206.0    
Group 29.9 1 29.9 0.15 .71 .005 
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Table B24 
ANOVA results – Hand Task Without Instruction, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .766 4 29 2.22 .092 .234 
Angle * Group .937 4 29 0.49 .75 .063 
Between Subject SS df MS F Sig. of F η2 
Error 91437.5 32 2857.4    
Group 1327.2 1 1327.2 0.46 .50 .014 
 
Table B25 
ANOVA results – Hand Task With Instruction, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .618 4 29 4.49 .006 .382 
Angle * Group .849 4 29 1.29 .30 .151 
Between Subject SS df MS F Sig. of F η2 
Error 57231.6 32 1788.5    
Group 8827.2 1 8827.2 4.94 .034 .134 
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Table B26 
Planned Contrast results – Whole-Body Task, DCD v Control 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .867 3 32 1.64 .20 .133 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1184.5 34 34.8    
 Contrast 15.4 1 15.4 0.44 .51 .013 
Intercept Error 4340.0 34 127.6    
 Contrast 604.3 1 604.3 4.74 .037 .122 
r
2
 Error 3.1 34 0.1    
 Contrast 0.01 1 0.01 0.10 .76 .003 
 
Table B27 
ANOVA results – Whole-Body Task, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .551 4 31 6.32 .001 .449 
Angle * Group .867 4 31 1.19 .34 .133 
Between Subject SS df MS F Sig. of F η2 
Error 19349.7 34 569.1    
Group 2027.1 1 2027.1 3.56 .068 .095 
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Table B28 
ANOVA results – Whole-Body Task, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .873 4 31 1.13 .36 .127 
Angle * Group .925 4 31 0.63 .65 .075 
Between Subject SS df MS F Sig. of F η2 
Error 71756.9 34 2110.5    
Group 20055.6 1 20055.6 9.50 .004 .218 
 
 
Table B29 
Planned Contrast results – Alphanumeric Task, DCD v Control 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .961 1 34 0.43 .73 .039 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1334.0 34 39.2    
 Contrast 48.1 1 48.1 1.23 .28 .035 
Intercept Error 18400423 34 39.2    
 Contrast 90483.8 1 90483.8 0.17 .69 .005 
r
2
 Error 2.5 34 0.1    
 Contrast 0.04 1 0.04 0.65 .43 .019 
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Table B30  
ANOVA results – Alphanumeric Task, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .376 4 31 12.86 <.001 .624 
Angle * Group .923 4 31 0.65 .63 .077 
Between Subject SS df MS F Sig. of F η2 
Error 91326985.8 34 2682087.8    
Group 1706.7 1 1706.7 0.001 .98 <.001 
 
 
 
Table B31 
ANOVA results – Alphanumeric Task, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .478 4 31 8.46 <.001 .522 
Angle * Group .909 4 31 0.77 .55 .091 
Between Subject SS df MS F Sig. of F η2 
Error 58013.9 34 1706.3    
Group 1388.9 1 1388.9 0.81 .37 .023 
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Study 3 
 
 
 
 
Table B32 
Planned Contrast results – Hand Task Without Instruction, DCD Groups v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .832 3 58 3.92 .013 .168 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1357.5 60 22.6    
 Contrast 40.9 1 40.9 1.81 .18 .029 
Intercept Error 15232959 60 253882.7    
 Contrast 3007175.1 1 3007175.1 11.8 .001 .165 
r
2
 Error 2.2 60 0.03    
 Contrast 0.02 1 0.02 0.66 .42 .011 
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Table B33 
Planned Contrast results – Hand Task Without Instruction, DCD-S v DCD-M 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .883 3 58 2.56 .064 .117 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1357.5 60 22.6    
 Contrast 5.3 1 5.3 0.23 .63 .004 
Intercept Error 15232959 60 22.6    
 Contrast 1276131.5 1 1276131.5 5.02 .029 .077 
r
2
 Error 2.2 60 0.04    
 Contrast 0.2 1 0.2 4.47 .039 .069 
 
Table B34 
Planned Contrast results – Hand Task With Instruction, DCD Groups v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .928 3 58 1.50 .22 .072 
 Univariate SS Df MS F Sig. of F η2 
Slope Error 1159.3 60 19.3    
 Contrast 47.9 1 47.9 2.48 .12 .040 
Intercept Error 14297845 60 238291.4    
 Contrast 810159.1 1 810159.1 3.40 .070 .054 
r
2
 Error 3.4 60 19.3    
 Contrast 0.1 1 0.1 1.75 .19 .028 
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Table B35 
Planned Contrast results – Hand Task With Instruction, DCD-S v DCD-M 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .820 3 58 4.25 .009 .180 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1159.3 60 19.3    
 Contrast 8.5 1 8.5 0.44 .51 .007 
Intercept Error 14297845 60 238297.4    
 Contrast 585403.8 1 585403.8 2.46 .12 .039 
r
2
 Error 3.4 60 0.06    
 Contrast 0.6 1 0.6 10.34 .002 .147 
 
 
Table B36 
ANOVA results – Hand Task Without Instruction, Response Time Data 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .119 4 57 105.94 <.001 .881 
Angle * Group .757 8 114 2.13 .039 .130 
Between Subject SS df MS F Sig. of F η2 
Error 2.8 60 0.04    
Group 0.4 2 0.2 4.79 .012 .138 
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Table B37 
ANOVA results – Hand Task With Instruction, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .156 4 57 77.27 <.001 .844 
Angle * Group .796 8 114 1.71 .10 .108 
Between Subject SS df MS F Sig. of F η2 
Error 4.2 60 0.07    
Group 0.04 2 0.02 0.29 .75 .01 
 
 
Table B38 
ANOVA results – Hand Task Without Instruction, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .554 4 57 11.49 <.001 .446 
Angle * Group .866 8 114 1.06 .39 .069 
Between Subject SS df MS F Sig. of F η2 
Error 68552.1 60 1142.5    
Group 6658.6 2 3329.3 2.91 .062 .089 
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Table B39 
ANOVA results – Hand Task With Instruction, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .623 4 57 8.64 <.001 .377 
Angle * Group .853 8 114 1.18 .32 .077 
Between Subject SS df MS F Sig. of F η2 
Error 49145.1 60 819.1    
Group 13041.8 2 6520.9 7.96 .001 .210 
 
 
Table B40 
Planned Contrast results – Whole-Body Task, DCD groups v Controls 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .808 3 58 4.61 .006 .192 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1605.7 60 26.8    
 Contrast 125.7 1 125.7 4.70 .034 .073 
Intercept Error 46996751 60 783279.2    
 Contrast 6587716.3 1 6587716.3 8.41 .005 .123 
r
2
 Error 6.0 60 0.1    
 Contrast 0.03 1 0.03 0.25 .62 .004 
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Table B41 
Planned Contrast results – Whole-Body Task, DCD-S v DCD-M 
 Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Multivariate .982 3 58 0.35 .79 .018 
 Univariate SS df MS F Sig. of F η2 
Slope Error 1605.7 60 26.8    
 Contrast 4.3 1 4.3 0.16 .69 .003 
Intercept Error 46996751 60 783278.2    
 Contrast 515213.1 1 515213.1 0.66 .42 .011 
r
2
 Error 6.0 60 0.1    
 Contrast 0.01 1 0.01 0.10 .76 .002 
 
 
Table B42 
ANOVA results – Whole-Body Task, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .823 4 57 3.06 .023 .177 
Angle * Group .881 8 114 0.93 .49 .062 
Between Subject SS df MS F Sig. of F η2 
Error 240561478.8 60 4009358.0    
Group 13545167.1 2 6772583.6 1.69 .193 .053 
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Table B43 
ANOVA results – Whole-Body Task, Accuracy Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .792 4 57 3.75 .009 .208 
Angle * Group .892 8 114 0.84 .57 .055 
Between Subject SS df MS F Sig. of F η2 
Error 164822.2 60 2747.0    
Group 90098.6 2 45049.3 16.40 <.001 .353 
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Appendix C.  Additional Motor Tasks – Normative Data 
 
The figures in the following pages present the normative data for children on 
the various motor tasks that were performed in addition to the Movement ABC in 
Study 3.  The normative data comes from a variety of sources, with each of the 
references fully provided. 
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Figure C.1.  Mean running time in seconds for 50m sprint for boys and girls and 
poorly coordinated (PC) and coordinated control (CC) children. 
Source:  Boys and Girls data obtained from the Australian Health and Fitness Survey (1985).  PC and CC data 
obtained from “Coordination problems and anaerobic performance in children” by C. O’Beirne, D. Larkin and 
T.Cable, 1994, Adapted Physical Activity Quarterly, 11, p. 146. 
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Throw for Distance. 
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Figure C.2.  Mean throwing distance in meters. 
Source:  1977 data obtained from Physical Education Evaluation.  A Motor Perfromance Profile (p. 50), by B. 
Jeanes, 1977, Mitcham, Victoria: Van Nostrand Reinhold. 
 
Standing Broad Jump. 
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Figure C.3.  Mean jumping distance in centimetres. 
Source:  1977 data obtained from Physical Education Evaluation.  A Motor Performance Profile (p. 50), by B. 
Jeanes, 1977, Mitcham, Victoria: Van Nostrand Reinhold; 1985 data obtained from the Australian Health and 
Fitness Survey (1985).   
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Hopping. 
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Figure C.4.  Mean number of hops completed on each leg for the six-year-old DCD 
group (6DCD), six-year-old normally coordinated group (6NC), nine-year-old DCD 
group (9DCD) and the nine-year-old normally coordinated group (9NC).   
Source:  Data obtained from “Strength, power, and coactivation in children with developmental coordination 
disorder” by A.J. Raynor, 2001, Developmental Medicine and Child Neurology, 43, p. 678.   
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Appendix D.  Information Letter and Consent Form, Study 3 
 
 
 
 
 
 
 
 
INVITATION TO PARTICIPATE IN A RESEARCH PROJECT- 
PROJECT INFORMATION STATEMENT FOR PARENTS 
 
 
Project Title: 
Motor imagery and its relationship to motor ability. 
 
 
Investigators: 
Miss Jacqueline Williams BHlthSc(Hons), PhD candidate. 
Dr Peter Wilson, BAppSc(PE); BBSc(Hons); PhD. 
Project Supervisor & Senior Lecturer, Division of Psychology, RMIT University.  Contact details:  
peter.h.wilson@rmit.edu.au, 03 9925-2906 
 
 
Your child is invited to participate in a research project being conducted by RMIT University.  
This information sheet describes the project in straightforward language, or ‘plain English’. 
Please read this sheet carefully and be confident that you understand its contents before 
deciding whether to participate. If you have any questions about the project, please ask one of 
the investigators. 
 
Who is involved in this research project? Why is it being conducted? 
Jacqueline Williams is conducting this research project as part of her postgraduate training in a 
Doctor of Philosophy, under the supervision of Dr. Peter Wilson.  The RMIT University Human 
Research Ethics Committee has approved the project, as have the Victorian Department of 
Education and Training. 
 
Why have you been approached? 
The project involves the participation of a large number of primary school children with different 
levels of skill development.  The school your child attends has agreed to be involved in the 
project because they believe it will benefit students’ involvement in physical education. 
 
What is the project about? What are the questions being addressed? 
Research has shown that the development of motor skills such as running, jumping and writing 
may be influenced by a person’s ability to use visual information in the process of planning 
movements.  The aim of the current research is to examine the link between children’s level of 
motor skill development and their ability to use this visual information.  The research also aims 
to build a motor performance profile of children who have difficulty planning movements.  This 
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will aid in the development of movement intervention programs designed to enhance skill 
acquisition.   
 
If I agree to my child’s participation, what will they be required to do? 
Your child will be required to complete a series of physical activities, including hopping, 
jumping, throwing beanbags, catching a tennis ball, and tracing between lines.  These tasks 
are part of a commonly used motor skill assessment tool.   Your child will also be asked to 
complete two mental rotation tasks on a laptop computer.  These tasks enable us to assess 
movement imagery, an important aspect of your child’s ability to plan movements.  In the first 
rotation task, an image of a hand appears on the screen at varying angles, and your child will 
be required to decide if the hand is left or right.  In the other, a man will appear on the screen 
with his arm out to his side (again at varying angles), and your child is required to decide which 
arm is being held out. 
 
What are the risks associated with participation? 
The risks associated with your child’s participation in the project are minimal.  As previously 
mentioned, your child will be completing some physical activities, which always carry some risk 
of injury.  This risk however, is no greater than that faced by your child in the playground on a 
day-to-day basis, or in physical education classes.  At all times, the tasks will be performed in a 
safe area free of obstacles, and your child will be supervised at all times.  The researcher’s 
involved have extensive experience assessing children in similar situations, and have the 
appropriate Victoria Police clearance to work with children. 
You should be aware that your child is free to stop taking part at any time.  Also, if any part of 
the research was to cause your child or yourself concern, the project supervisor, Dr. Peter 
Wilson is a registered psychologist, and is available for consultation.  He can be contacted by 
phoning RMIT University on 03 9925 2906. 
 
What are the benefits associated with participation? 
Individual motor skill assessment reports are provided for all participants.  These are delivered 
to each participant’s parents via the child’s school.  These reports provide an assessment of 
both fine and gross motor performance, and recommendations for further development if 
deemed appropriate.   
 
What will happen to the information I provide? 
Any information that you provide can be disclosed only if (1) it is to protect you or others from 
harm, (2) a court order is produced, or (3) you provide the researchers with written permission.  
Unless any of these events happen, the information collected from your child will only be seen 
by the researcher and the supervisor. 
However, the information your child provides will be combined with information from other 
participants.  This group information will be published in the researcher’s PhD thesis.  It may 
also be published in scientific journals or be presented at professional conferences.  In this 
case, there will be no information that can identify your child. 
 
What are my rights as a participant? 
You and your child have the following rights: 
• The right to withdraw their participation at any time, without prejudice 
• The right to have any unprocessed data withdrawn and destroyed, provided it can be 
reliably identified 
• The right to have any questions answered at any time. 
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Who should I contact if I have any questions? 
If you have any questions regarding anything to do with this research project, you may contact 
the project supervisor, Dr. Peter Wilson on 03 9925 2906. 
 
 
Name:  _________________________________   Date:  _______________ 
     (Signature of Principal Investigator) 
 
Name:  _______________________________ __   Date:  _______________ 
      (Signature of Project Supervisor) 
 
 
Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics 
Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745. 
Details of the complaints procedure are available from the above address. 
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HREC Form 2a 
RMIT HUMAN RESEARCH ETHICS COMMITTEE 
 
Prescribed Consent Form For Persons Participating In Research Projects Involving 
Tests and/or Medical Procedures 
 
 
PORTFOLIO OF Science, Engineering and Technology 
SCHOOL OF Health Sciences, Division of Psychology/Disability Studies 
Name of participant:  
Project Title: Motor imagery and its relationship to motor ability. 
Name(s) of investigators:    (1) Dr. Peter Wilson (supervisor) Phone: 03 9925 2906 
(2) Jacqueline Williams (PhD candidate)  
 
 
4. I have received a statement explaining the tests/procedures involved in this project. 
 
3 I consent to participate in the above project, the particulars of which - including details of tests 
or procedures - have been explained to me. 
 
5. I authorise the investigator or his or her assistant to use with me the tests or procedures 
referred to in 1 above. 
 
6. I acknowledge that: 
 
(f) The possible effects of the tests or procedures have been explained to me to my 
satisfaction. 
(g) I have been informed that I am free to withdraw from the project at any time and to 
withdraw any unprocessed data previously supplied (unless follow-up is needed for 
safety). 
(h) The project is for the purpose of research and/or teaching.  It may not be of direct 
benefit to me. 
(i) The privacy of the information I provide will be safeguarded.  However should 
information of a private nature need to be disclosed for moral, clinical or legal 
reasons, I will be given an opportunity to negotiate the terms of this disclosure. 
(j) The security of the research data is assured during and after completion of the study.  
The data collected during the study may be published, and a report of the project 
outcomes will be provided to my school.   Any information which will identify me will 
not be used. 
 
 
 
Where participant is under 18 years of age: 
 
I consent to the participation of ____________________________________ in the above 
project. 
 
Signature: (1)                                              Date:  
(Signatures of parent or guardian) 
 
 
Participants should be given a photocopy of this consent form after it has been signed. 
 
 Any complaints about your participation in this project may be directed to the Secretary, RMIT Human Research Ethics 
Committee, University Secretariat, RMIT, GPO Box 2476V, Melbourne, 3001.  The telephone number is (03) 9925 1745.   
Details of the complaints procedure are available from the above address. 
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Appendix E.  Post-Analysis Subgroup Exploration of Study 1 
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Figure E1.  Mean response time (ms) by angle (°) for the hand rotation task. 
 
 
Table E1 
ANOVA results – Hand Rotation Trials, Response Time Data  
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .482 9 64 7.63 <.001 .518 
Angle * Group .765 18 128 1.02 .45 .125 
Between Subject SS df MS F Sig. of F η2 
Error 155365859.8 72 2157859.2    
Group 4566834.7 2 2283417.4 1.06 .35 .029 
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Response Accuracy Data 
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Figure E2.  Mean response time (ms) by angle (°) for the hand rotation task. 
 
 
Table E2 
ANOVA results – Hand Rotation Trials, Accuracy Data 
Within Subject Wilks’ Λ df  (hyp) df (error) F Sig. of F η2 
Angle .731 9 64 2.62 .012 .269 
Angle * Group .807 18 128 .804 .69 .102 
Between Subject SS df MS F Sig. of F η2 
Error 8.3 72 0.1    
Group 0.6 2 0.3 2.67 .076 .069 
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